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Preface

The 2011 Rencontres de Physique de la Vallée d’Aoste were held at the Planibel Hotel

of La Thuile, Aosta Valley, on February 27th - March 5th, with the twenty-fifth edition

of “Results and Perspectives in Particle Physics”.

The physics programme included various topics in particle physics, also in connection

with present and future experimental facilities, as cosmology and astrophysics, neutrino

physics, CP violation and rare decays, electroweak and hadron physics with e+e− and

hadron colliders, heavy flavours, search for new physics and prospects at future facilities.

A special Session, in honour of my 70th birthday was organized by my friends Giorgio,

Giorgio and Gino, together with other dear friends. I would like to thank warmly Guido

Altarelli, Albert Bramon, Yogi Srivastava and Matteo Cacciari for their partecipation

and their nice words, and also many other friends and colleagues who made this edition

of the Rencontres quite special for me. On the other side I am very grateful to my wife

Halina and all my family for their enthusiastic support.

The Session on “Physics and Society” included special colloquia on “Status of the

SESAME Project”, “CERN and the Future of Particle Physics” and “Quantitative Bi-

ology”. We are very grateful to Amor Nadji, Rolf-Dieter Heuer and Michele Caselle for

their participation and contribution.

Giorgio Bellettini, Giorgio Chiarelli, Gino Isidori and I would like to warmly thank

the session chairpersons and the speakers for their contribution to the success of the

meeting.

The regional government of the Aosta Valley, in particular through the Minister of

Public Education and Culture Laurent Vierin, has been very pleased to offer its financial

support and hospitality to the Rencontres of La Thuile. Also on behalf of the participants,

representatives of some major Laboratories and Institutes in the world, we would like

to thank all the Regional Authorities. Special thanks are also due to Bruno Baschiera,

local coordinator of the Rencontres.
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VIII Preface

We are grateful to the President of INFN Roberto Petronzio, the Directors of INFN

Laboratori Nazionali di Frascati, Mario Calvetti and INFN Sezione di Pisa, Giovanni

Batignani, for the support in the organization of the Rencontres. We would like to thank

also Cristina D’Amato, Lucia Lilli, Claudia Tofani and Paolo Villani for their help in

both planning and running the meeting. We are also grateful to Alessandra Miletto

for her valuable contribution to the local organization of the meeting. The excellent

assistance provided by Mauro Giannini made it possible to set up the computer link to

the international network.

Finally we would like to thank the Mayor Gilberto Roullet and the local authorities of

La Thuile and the “Azienda di Promozione Turistica del Monte Bianco” for their warm

hospitality, and the Planibel Hotel staff for providing us an enjoyable atmosphere.

November 2011

Mario Greco
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IL NUOVO CIMENTO Vol. 35 C, N. 1 Gennaio-Febbraio 2012

The early days of QCD (as seen from Rome)

G. Altarelli

Dipartimento di Fisica “E. Amaldi”, Università di Roma Tre and INFN

Sezione di Roma Tre - I-00146 Rome, Italy and

Department of Physics, Theory Unit, CERN - CH-1211 Geneva 23, Switzerland

(ricevuto il 29 Settembre 2011; pubblicato online il 26 Gennaio 2012)

Summary. — In honour of Mario Greco I present my recollections on the QCD
studies in Rome in the 70s and early 80s and on our very friendly group of people
involved.

PACS 11.15.-q – Gauge field theories.
PACS 12.38.-t – Quantum chromodynamics.

I have a half-century-long friendship with Mario. We met when we were students at

the University of Rome in the early 60s. Then in 1964 I went to Florence and in 1968 to

the USA. When back in Rome in 1970 we came in closer contact, also with our families.

In fig. 1 one can get an idea of how different we looked at the time. At present we are

both at Roma Tre and our offices are a few meters away. In the early 70s QCD and the

physics of hard processes was an area of common interest for many of us in Rome and a

number of good results were obtained by the different members of our group. Here I will

review these results and try to convey the collaborative atmosphere in the group that,

for example, led to different collaborations among us to be formed to work on related

problems. Of course, while I will talk of the Rome group and of its activity, I am well

aware that much more important work on QCD was done at the time in the world, so

that I stress that this is not an essay on the history of QCD, but simply a recollection

on QCD studies in Rome and on the group of people involved. For a review of the

development of QCD in the 70s one can go back, for example, to my 1982 review of the

subject [1].

One can argue that QCD really started being a part of the Standard Model with the

Nobel-Prize-winning papers by Gross and Wilczek [2] and by Politzer [3] in 1973. Sure

enough in previous years there have been very important ground-breaking theoretical

works, like those on quarks [4], on the naive parton model [5], on QCD field theory [6],

on the renormalization group [7] and the short distance operator expansion [8]. Also

Khriplovich, first, and ’t Hooft (according to Symanzik), after, apparently discovered

asymptotic freedom but did not jump on it as the key property for a theory of strong

interactions. In fact the systematic application of QCD to physics only started in 1973.

c© Società Italiana di Fisica 1



2 G. ALTARELLI

Fig. 1. – From the left: Mario Greco, Yogi Srivastava and Guido Altarelli in 1979 at the Acca-
demia dei Lincei, Rome.

At that time three groups were active in Rome, located at Roma 1 “La Sapienza”,

the Istituto Superiore di Sanita and the Laboratori Nazionali di Frascati (today in Rome

there are three Universities while only “La Sapienza” existed at that time: Roma 2, Tor

Vergata was born in 1982 and Roma Tre in 1992). I was in Roma 1 with Nicola Cabibbo

and Roberto Petronzio (in 1973 he was a student working at his thesis). Luciano Maiani

was at the Istituto Superiore di Sanita, a short walk away from Roma 1, so that Luciano

was with us all the time, and Mario Greco with Lia Pancheri, Giorgio Parisi and Yogi

Srivastava were at the Laboratori Nazionali di Frascati. Later, important additions to

the QCD group in Rome were achieved when Giuseppe Curci, Keith Ellis and Guido

Martinelli joined our team.

Even before 1973 our group of people was working in the domain of hard processes and

the parton model. Giorgio Parisi was already known and influential in the study of the

physical implications of anomalous dimensions (Giorgio was very young at the time but

Kurt Symanzik, a leader in the field, had already a great consideration of him). In a paper

completed in 1972 [9] Giorgio studied the deep inelastic scattering structure functions in

a λφ4 theory with negative coupling λ < 0, a theory discussed by Symanzik as a field

theory model for Bjorken scaling. This paper was cited by Gross and Wilczek [2] and also

in the review by Gross, “Asymptotic Freedom and QCD—a Historical Perspective” [10],

written shortly after he got the Nobel Prize. In another 1972 paper [11] Giorgio derived

limits on logarithmic scaling violations in deep inelastic scattering structure functions

from the existing data. This work was quoted in the asymptotic freedom paper by

Politzer [3]. In 1973 at “La Sapienza” we were studying hard processes in the parton

model (with scaling). Luciano Maiani and myself studied deep inelastic processes in

the λφ3 theory, a superrinormalisable model for scaling [12], in continuation of previous

work [13]. With Cabibbo and Petronzio the two of us completed in 1973 a series of papers

on the nucleon as a bound state of 3 quarks [14], where a parton picture of the structure

functions was developed, with the nucleon described in terms of constituent quarks, each

of them with a parton structure (so that for example the proton and the pion structure
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functions could be related through the constituent structure functions). This idea is still

viable and it is in competition with the picture of the nucleon as 3 valence quarks floating

in a sea of quarks and gluon partons (with no separation of the 3 constituent quarks).

In 1972 Mario Greco, with Bramon and Etim, evaluated the hadronic contribution to

the muon anomalous magnetic moment from the data on e+e− cross-sections [15]. This

is a problem of high current interest still today. Mario and collaborators found at the

time aµ = 68 ± 9 with a linear sum of errors, which corresponds to aµ = 68 ± 6 with

errors summed in quadrature. This value is to be compared with the modern estimate

aµ = 69.23 ± 0.42 by Davier et al. [16]. At that time Mario was interested in hard

processes and was advocating a model for e+e− annihilation, deep inelastic scattering

and Drell-Yan processes based on extended vector boson dominance [17]. The functional

behaviour of the couplings versus mass of the tower of vector bosons was chosen as to

get approximate scaling. This approach was a competitive picture with respect to the

parton model for some time but it was later abandoned because it predicted no jets in

e+e− annihilation and no suppressed ratio of longitudinal over transverse cross-sections

in deep inelastic scattering.

After the Gross-Wilczek and Politzer papers we immediately turned to study the

potentiality of QCD for improving the parton model. Myself and Maiani we decided to

study the QCD corrections to the effective weak non-leptonic Hamiltonian, written as a

Wilson expansion in terms of 4-quark operators of the (V −A)× (V −A) type obtained

by integrating away the W± exchange [18]. The logarithmically enhanced terms of the

QCD corrections are fixed by the anomalous dimensions of these operators, much in the

same way as the moments of structure functions get logarithmic corrections as computed

by Gross et al. [2, 3] from the anomalous dimensions of the leading-twist operators in

the light-cone expansion. Our hope was to find that the QCD corrections act in the

direction of enhancing the ∆T = 1/2 operators with respect to those with ∆T = 3/2,

thus explaining, at least in part, the empirical ∆T = 1/2 rule (where T is the isotopic

spin). The explicit calculation turned out to lead to precisely this result, as also obtained

in a simultaneous work by M. K. Gaillard and B. W. Lee [19] (actually these authors

had pointed out to us the crucial role of charm in this problem). These important

papers were the first calculations of the QCD corrections to the coefficients of the Wilson

expansion in the product of two weak currents, an approach that, suitably generalised

(by considering other weak processes) and improved (for example, by computing the

anomalous dimensions beyond the leading order), still represents a basic tool in this

field. In the following months we applied the method to charm decays [20], before the

discovery of charm, and to weak neutral current processes [21]. To this last paper also

contributed Keith Ellis, a scottish PhD student of Cabibbo, who was to stay with us in

Rome for a few years, eventually speaking a very good italian and fully understanding

the roman way of living. Later, in 1981 Curci (who, unfortunately, is no more with us)

and I, with Martinelli and Petrarca [22], computed the two-loop anomalous dimensions

for the operators of the effective weak non-leptonic Hamiltonian.

Meanwhile Mario Greco, working in Frascati with Touschek (and Pancheri, Srivastava

and Etim) was becoming an expert in QED radiative corrections and the resummation

of soft photons. In fact, the e+e− collider ADONE was functioning at the time and this

prompted QED studies as a main activity of the theory group of the Laboratory. For

example, in 1975 Mario published two papers on the QED corrections near the J/Ψ [23].

This work has been later generalized to the production of the Z boson, preparing the stage

for the analysis of LEP/SLC experiments [24]. With the advent of QCD he could profit of

the acquired expertise in QED naturally turning into resumming soft gluons (see later).
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I remember that I learned from Mario’s papers the techniques and the results of the

exponentiation of logs in QED.

In 1975 Cabibbo and Parisi published an important work. This is one of the first

papers where quark deconfinement is discussed [25]. In this work they argue that an

exponentially growing hadronic spectrum (à la Hagedorn), which is compatible with the

ever increasing population of observed hadronic resonances, can be naturally associated

to a 2nd-order phase transition that one could identify with the deconfining transition

from the hadronic phase into that corresponding to the quark-gluon plasma.

At about the same time myself, in collaboration with Parisi and Petronzio, we stud-

ied the QCD corrections to neutrino deep inelastic cross-sections and distributions [26].

We found that the corrections, also including those due to the onsetting of the charm

threshold, are rather large at the energy of the then available experimental data. In the

absence of these corrections the data appeared at variance with respect to the predic-

tions of the parton model. This paper contributed to the downgrading of the observed

so-called y-anomaly from a signal of new physics (right-handed charged currents were

invoked) down to a less exciting charm threshold plus QCD-logs effect.

In 1977 the well known work on the QCD evolution equations by myself and Parisi was

published [27]. In the academic year 1976-77 both of us were on sabbatical in Paris. I was

at the Ecole Normale Superieure (ENS) and Giorgio at the Institut des Hautes Etudes

Scientifiques at Bures-sur-Yvette. Giorgio often preferred to stay downtown, spending

some time at the ENS to discuss with the people there and, in particular, with me on

QCD phenomenology, a subject of great interest for both of us at that time. Out of these

regular contacts our work on the evolution equations was developed. The main virtue of

our approach was to formulate the evolution of parton densities as a branching process

with probabilities determined (at leading order) by the splitting functions (proportional

to the running coupling). In our paper a particular emphasis was devoted to prove that

the splitting functions are a property of the theory and do not depend on the process (in

particular the evolution does not apply only to deep inelastic scattering). On this issue I

remember a discussion some months before with Cabibbo, who was asking what remains

of the parton model if the scaling violations modify the parton densities in different

ways for different processes. I argued that an appealing possibility was that the leading

logarithmic corrections are universal and that general Q2-dependent parton densities

could be defined in this limit and used for the description of a variety of hard processes

(what is now denoted as the “factorization” theorem). With this idea in mind, in our

paper, completely formulated in parton language, with running coupling, the splitting

functions were directly derived from the QCD vertices, using the formalism of the “old”

perturbation theory (because the 3 partons in the vertex cannot all be on their mass

shell), with no reference to the particular diagram where the splitting leg is attached

to, thus making clear that the splitting functions are the same for all processes. The

polarized splitting functions were also derived by us with the same method in agreement

with the results of refs. [28] obtained by the operator method.

The evolution equations are now often called DGLAP equations (Dokshitzer-Gribov-

Lipatov-Altarelli-Parisi). The first article by Gribov and Lipatov was published in

1972 [29] (even before the works by Gross and Wilczek and by Politzer!) and was fol-

lowed in 1974 by a paper by Lipatov [30] (these dates correspond to the publication in

russian). All these articles refer to an Abelian vector theory (treated in parallel with

a pseudoscalar theory). Seen from the point of view of the evolution equations, these

papers, in the context of the Abelian theory, ask the right question and extract the rel-

evant logarithmic terms from the dominant class of diagrams. But from their formal
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presentation the relation to real physics is somewhat hidden (in this respect the 1974

paper by Lipatov makes some progress and explicitly refers to the parton model). The

article by Dokshitser [31] was exactly contemporary to ours. It now refers to the non-

Abelian theory (with running coupling) and the discussion is more complete and explicit

than in the Gribov-Lipatov articles. But, for example, the notion of the evolution as

a branching process and the independence of the kernels from the process are not em-

phasised. An important point is also that the Gribov-Lipatov papers were known to

Dokshitser (while they were not to us). Their works were in fact his starting point and

are quoted among the references given in his article.

Back to Rome I met Guido Martinelli, who at that time was a post-doc with a

contract for doing accelerator physics at Frascati, and I rescued him into particle physics,

with a work on the transverse momentum distributions for jets in lepto-production final

states [32]. In the same paper we derived an elegant formula for the longitudinal structure

function FL, also an effect of order αs(Q
2), as a convolution integral over F2(x, Q2) and

the gluon density g(x, Q2). I find it surprising that it took 40 years since the start of

deep inelastic scattering experiments to get meaningful data on the longitudinal structure

function. The present data, recently obtained by the H1 experiment at DESY, are in

agreement with this LO QCD prediction but the accuracy of the test is still far from

being satisfactory for such a basic quantity.

Meanwhile Mario Greco started producing an impressive series of works where the

tools developed over the years for QED were applied to the resummation of soft gluons in

different QCD processes. In a first group of papers [33,34] the QED formalism of coherent

states was adapted to the non-Abelian context of QCD. In particular this technique

was applied by Mario with Curci and Srivastava [34] to compute the probability that a

fraction ǫ of the total energy 2E falls outside a cone of semi-aperture δ. This amounts to

upgrading the Sterman-Weinberg perturbative result obtained in 1977 [35] by including

soft gluon resummed effects.

Resummation near the phase space boundaries is an important issue in QCD. Mario

authored with Curci one of the early papers on this subject [36], with applications to

deep inelastic scattering near x = 1 and to Drell-Yan processes near τ = Q2/s = 1. The

resummation of the “large π2 terms” (those arising from the continuation of Q2 from

negative values in deep inelastic scattering, where the parton densities are measured, to

the positive values of the Drell-Yan process), was also included in this paper (Parisi also

studied this problem nearly at the same time [37]). In fig. 2 we can see Mario at work

during a Moriond meeting where he presented those results.

In those years the Rome group contributed very much to the theory of Drell-Yan

processes. In addition to the works just mentioned, important progress was made in

1978-79 with the calculation of the next-to-the-leading-order (NLO) corrections to Drell-

Yan processes by myself with Keith Ellis and Martinelli [38]. This was one of the first

calculations of NLO corrections in QCD. We started by defining the quark parton densi-

ties beyond leading order in a precise way (for quarks we adopted the structure function

F2 as the defining quantity: the naive parton model expression is taken by definition to

hold unchanged at NLO; gluons only enter at NLO in Drell-Yan processes). Then the

calculation of NLO diagrams for both deep inelatic scattering and the Drell-Yan process

allows to derive the corrective terms for the Drell-Yan cross-section, as function of Q2.

The resulting corrections turned out to be surprisingly large. The ratio of corrected to

uncorrected (Born) cross-sections was found to be rather constant in Q2 and in rapidity.

So we decided to denote it as the “K-factor”, because K sounded to us as the typical

symbol for a constant. The origin of the main part of this correction can be traced back
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Fig. 2. – Mario Greco at a Moriond meeting in 1980 where he gave the talk “Soft gluon effects
in QCD processes”.

to effects that can be resummed (like the “large π2 terms” that we have just mentioned).

Today with much larger values of Q2 and s accessible to present accelerators and with

the next-to-next-to-leading-order (NNLO) calculations completed the K-factor is under

control (for example, there is not too much difference between NLO and NNLO estimates,

especially when some resummations are also implemented)

Another by now classic theoretical problem for Drell-Yan processes that was first at-

tacked in those years is the evaluation of the transverse momentum (pT ) distribution

of the produced virtual boson (a γ or a W± or a Z0). The study of the LO pertur-

bative pT distribution, valid for pT ∼ Q, was completed in 1978 by myself with Parisi

and Petronzio [39]. The NLO perturbative calculation followed in 1981-83 by K. El-

lis, Martinelli and Petronzio [40]. The study of the Sudakov double logs, important at

intermediate values of pT (between ΛQCD and Q) was started in 1979 by Mario with

Curci and Srivastava [34] and by Parisi and Petronzio [41] (in this paper the completely

correct formula for the LO Sudakov factor was first obtained, correcting a small bug in

a previous paper by Dokshitser, Dyakonov and Troyan [42]). Then, in the early 80s, the

problem was attacked of realizing a smooth matching between the perturbative and the

Sudakov component. Mario worked on this problem with Pierre Chiappetta [43]. As
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soon as the data on the W and Z production from U1 and U2 at CERN were first avail-

able, an adequate theoretical prediction was ready in a paper signed by myself, K. Ellis,

Greco and Martinelli [44]. This is an important paper, first because it is a paper that I

signed with Mario, and then because it essentially contained all the crucial ingredients

that describe the physics of this phenomenon. In the subsequent years the accuracy was

much improved with the computation of subleading effects and with several different

refinements, but the essential points were all present in our paper and the accuracy of

our treatment was adequate for the quality of the first data. The same techniques are at

present applied to the calculation of the pT distribution of the Higgs boson produced by

gluon fusion (see, for example, ref. [45]).

I leave to the following speakers to describe other aspects of the scientific activity

of Mario and also what he did later in QCD. I stop here by making my best wishes to

him of a long and happy sequel of celebrations for 75, 80, 85, . . . , 100 anniversaries. And

also I congratulate with him for the co-foundation of these by now classical meetings in

La Thuile.

∗ ∗ ∗

I thank the Organizers of Les Rencontres, for giving me the opportunity to celebrate

the 70th anniversary of my old friend and colleague Mario Greco.
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Summary. — A short review of the many contributions to hadron physics made
by Mario Greco is presented. The review roughly covers his production between
1971 and 1974, just before the advent of QCD, when quark-model ideas, duality
principles and vector meson dominance were widely accepted, developed and applied.
The present author had the privilege to collaborate with Mario in most of these
contributions and looking backward in time to remember the good old days we
spent together in Frascati has been a great pleasure.

PACS 12.40.Vv – Vector-meson dominance.
PACS 13.66.Bc – Hadron production in e+e− interactions.
PACS 14.40.Be – Light mesons (S = C = B = 0).

1. – Vector Mesons and Vector Meson Dominance

In 1960 J.J. Sakurai published an influential paper [1], Theory of Strong Interactions,
proposing the still to be discovered vector mesons (JPC = 1−−) as gauge bosons of
the strong interactions of hadrons. In this way, the successful gauge principle of QED,
generating universal couplings via covariant derivatives, was exported to the much more
involved field of hadron physics. The special role given to vector mesons was in clear
contrast with the “hadronic democracy” ideas widely accepted at that time and during
the forthcoming 1960’s. Indeed, all hadrons were expected to be treated at the same level
using the unitarity and analyticity properties of the S-matrix, organizing hadron reso-
nances along Regge trajectories and unitary symmetry multiplets of SU(3), or proposing
crossing-symmetric amplitudes, as in the Veneziano model.

Low-mass vector mesons had been predicted just a few years before Sakurai’s paper
in order to understand the structure and size of protons and neutrons [2]. The pionic
cloud surrounding the nucleons was assumed to be responsible for their structure, usu-
ally expressed in terms of the so-called electromagnetic form factors. Form factor data
required, at least, two low-mass vector mesons: an isoscalar, I = 0, ω-resonance and
the neutral member, ρ0, of an isovector triplet, I = 1. Both states, ω [3] and ρ [4],
were experimentally identified in 1961 short after Sakurai’s proposal [1]. Other low-mass
vector resonances were discovered and organized in a complete SU(3)-nonet which be-
came paradigmatic in applying SU(3) arguments. In particular, the almost ideal mixing

c© Società Italiana di Fisica 9
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between the ω and φ isoscalar states and the so-called Zweig-rule, strongly suggested
the existence of quarks in 1964 and, almost immediately, the “quark model” became an
extremely popular and successful tool in hadron physics.

It was soon realized that Sakurai’s ideas could explain only a few features of the
strictly strong interactions of hadrons and that a new theory—QCD, to be formulated
some ten years later—was needed. However, restricting to the more specific context of
the electromagnetic interactions of hadrons, the gauge principles of ref. [1] turned out to
be extremely successful. The key ingredient, proposed in 1961 by Gell-Mann and Zachari-
asen [5], was the complete vector meson dominance (VMD) of the electromagnetic form
factors of hadrons. On the one hand, vectors mesons were universally coupled to the var-
ious hadrons—thus making the model extremely predictive—and, on the other, the three
relevant vector mesons, V = ρ0, ω and φ, were coupled to the photon via the constants

(1)
em2

V

fV

with V = ρ0, ω, φ.

The values of the masses, m2
V , and coupling constants, fV , were soon accurately

measured by the Orsay, Novosibirsk and Frascati e+e− storage rings and found to be in
nice agreement with quark model arguments.

One of the first and cleanest applications of VMD was the establishment of the fol-
lowing relation between the total photoproduction cross section off nucleons, σtot(γp),
and the forward photoproduction cross section of V ’s, dσ0

dt
(γp → V p),

(2) σtot(γp) =
∑

V =ρ0,ω,φ

4πe

fV

√

1

1 + η2
V

dσ0

dt
(γp → V p),

which is an immediate consequence of the couplings (1) and the optical theorem (in
this context, ηV accounts for the real part of the V -production amplitude). A second,
well-known VMD result is illustrated by the following three decay chains:

(3) ω → ρπ → π+π−π0, ω → π0ρ0 → π0γ, π0 → ωρ0 → γγ,

which allowed to relate the Γ(ω → π+π−π0), Γ(ω → π0γ) and Γ(π0 → γγ) decay widths.
In all these cases, VMD predictions turned out to be in reasonable agreement with the
available data.

2. – Extended Vector Meson Dominance

Just after 1970, when more accurate data on the above processes became available,
some discrepancies with the VMD predictions started to appear and to be discussed. Data
on the σtot(γp) cross section were found to be some 20% larger than predicted by the
right-hand side of eq. (2). This discrepancy strongly suggested the convenience to extend
the sum in this equation to include further contributions from new, higher-mass vector
mesons. This generalized VMD model was proposed by Sakurai and Schildknecht [6] and
has recently been reviewed in detail in [7].

Somewhat earlier and along the same lines, Mario Greco and the present author [8]
discussed the convenience to extend VMD with a second SU(3)-nonet of vector mesons,
V ′, to account for new data on V → PPP , V → Pγ and P → γγ decays, where V
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and P stand for the various members of the vector- and pseudoscalar-meson nonets thus
generalizing the two-step processes quoted in (3). A fit to these data led to an estimate
of the relevant coupling strengths of the higher-mass vector mesons, V ′, and to a few
predictions such as

σe+e−→ωπ0→π0π0γ(m2
ρ′) ≃ 3 nb,(4)

σe+e−→ρη→π+π−η(m2
ρ′) ≃ 2 nb,(5)

where we assumed a ρ′ mass around 1.5 GeV. Such a value was in the mass region being
explored those days by the ADONE e+e− storage ring in Frascati, where Greco’s group
was placed. The hope was that our next-door experimental colleagues could confirm
these predictions but, due to the smallness of the estimated cross sections, we had to
wait for more than 30 years. Only the quite recent measurements from DM2, CMD-2
and SND, which can reasonably be averaged to the peak-values σe+e−→ωπ0→π0π0γ(m2

ρ′) ≃
1.5 nb and σe+e−→ρη→π+π−η(m2

ρ′) ≃ 3 nb, have shown some agreement with our rough
estimates (4) and (5).

Nowadays it is rather well established that the dominant decay mode of the ρ′, with a
mass around 1.5 GeV, is into four pions and not into the above two channels (4) and (5)
to which our extended VMD approach could be directly applied. The e+e− → ρ′ →
π+π−π+π− was experimentally observed in Frascati in 1971 [9] and further theoretical
analyses of this process were discussed in [10] and [11]. Interestingly enough, in [10] M.
Greco insisted in making the final remark that “it is very tempting to speculate on what

can be the overall contribution of (an infinite set of) vector mesons coupled to the photon”.

A naive extrapolation of our results, modifying eq. (2) through the introduction of an in-
finity of higher mass vector mesons, led to a surprising good agreement with the available
photoproduction data and, more importantly, opened the door to an interesting new idea.

3. – Vector Meson Dominance, scale invariance and a “new” duality

Starting in 1971, deep inelastic scattering experiments established the “scale invari-
ant” behaviour of the structure functions of the nucleons. A related behaviour, implying
that the total cross section of hadron production in e+e− annihilations, σhad(s), scales
as 1/s for large values of the CM energy

√
s, had been suggested by Bjorken. As a result,

the “quark-parton” model, and improved versions of it, were proposed to explain these
deep inelastic phenomena in terms of point-like constituents or “partons”. An interest-
ing possibility was to attempt a VMD approach to scale invariance. With this explicit
tittle we published a short paper in 1972 [12], which was further developed and reviewed
by Mario somewhat later [13]. The central points of this proposal were favourably ac-
cepted and defended, among others, by Sakurai in a nice paper [14], where our original
contribution [12] was reanalyzed and rephrased in terms a “new kind of duality”.

According to Sakurai’s presentation, the assumption in [12] and [13] that the total
cross section of hadron production in e+e− annihilation is completely dominated by the
formation of vector mesons can be written as

σhad(s) =
12π

s

∑

V

m2
V ΓV ΓV →e+e−

(s − m2
V )2 + m2

V Γ2
V

(6)

= σµ pair(s)
∑

V

3

(f2
V /4π)

m3
V ΓV

(s − m2
V )2 + m2

V Γ2
V

,
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where we have introduced the V − γ coupling (1) and the µ+µ−-pair cross section at
large CM energies, s ≫ m2

µ,

(7) σµ pair(s) = 4πα2/3s.

One immediately sees that if σhad(s) at high energies has to behave like 1/s, the sum
in eq. (6) has to be extended to an infinite series of vector mesons, as already suggested
in [10]. Moreover, a very specific relation has to exist between the density of vector
meson states per unit squared mass interval, PV (m2) = 1/∆m2

V , their masses mV and
couplings to the photon fV ; namely,

(8) PV (m2)m2
V /f2

V = m2
V /∆m2

V f2
V = const.

The other assumptions of our model [12] and [13] were that a) the 1/s behaviour is
obtained on the average even for the prominent low-mass vector mesons (precocious
scaling), b) the isovector meson spectrum is given by

(9) m2
n = m2

ρ(1 + 2n), n = 0, 1, 2, . . . ,

as in the Veneziano model, and c) the isoscalar sector contributes, as usual, an additional
1/3 to the isovector contribution. Taking all this into account, the model proposed in [12]
and [13] reached two relevant predictions: on the one hand, a reasonable description of
the nucleon structure functions was achieved and, on the other, the remarkably simple
prediction

(10) R ≡ lim
s→∞

σhad(s)/σµ pair(s) = 2π/(f2
ρ/4π) ≃ 2.5,

which was expected to be valid for large s (but below the opening of the yet undiscovered
new flavour’s channels) and turned out to be quite important for our present purposes,
was obtained.

Indeed, it is this latter equation what probably suggested Sakurai to rephrase our find-
ings as a “new” duality in e+e−-annihilations into hadrons. In our model, the numerical
prediction R ≃ 2.5, which is in good agreement with the data for

√
s between 2 and

3 GeV, follows exclusively from the value of fρ (plus analogous isoscalar contributions)
which is a low-mass resonance parameter. For asymptotic, large values of s, the ratio
R and the 1/s scaling of the e+e− cross section into hadrons are well predicted by the
quark-parton model, much in the same way as in high energy hadron-hadron collisions the
relevant asymptotic amplitudes are well described by the exchange of Regge trajectories.
The “old” strong interaction duality between the high-energy Regge amplitudes (in the t
and u channels) and the low-energy resonance formation (in the s channel) thus admits
a vivid analogue in e+e− interactions: on the average, the contributions from low-energy
vector mesons are dual to the contributions from the corresponding point-like quarks.
These contributions should not be added (this would imply a “double counting” of the
contributions), they rather satisfy “finite energy sum rules” (see the final paragraphs for
some examples) as in the well-known case of strong interaction amplitudes. Possibly the
name of “quark-hadron duality” captures the essence of this “new” kind of duality. On
the average, it is expected to work locally, i.e., for reasonable finite intervals of s, and in
a sense this “quark-hadron duality” can be considered as a precursor of more accurate
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and important developments such as the SVZ-sum rules that appeared once QCD was
proposed.

4. – Quark-hadron duality, sum rules and the “new” vector mesons

Up to now, our discussion of quark-hadron duality has been restricted to processes
involving u, d and s quarks and the corresponding nonets of SU(3) vector mesons. New
applications appeared as soon as new flavours were discovered and the value of R was
correspondingly increased. Just after the discovery of the J/ψ resonances, M. Greco with
C. A. Domı́nguez [15]—and some time later with G. Pancheri and Y. Srivastava [16],
taken now radiative corrections into account—applied quark-hadron duality to estimate
the averaged increase in R produced by the new charmed quark. The results of these
papers,

R = Ru,d,s + Rcharm(11)

≃ 2.5 + 1.2 (no rad. corrections)

≃ 2.5 + 1.8 (with rad. corrections),

are in good agreement with the available data for R in the
√

s region between around
3 GeV (where the charmed channel opens) and 10 GeV (where the b-channel starts).

In 1978, when the Υ resonances appeared above
√

s ≃ 10 GeV but the electric charge
of the b-quark was not firmly established, M. Greco [17] used again duality ideas to
estimate the further increase in R in the new energy region predicting the decay width

(12) Γ
(

Υ(bb̄) → e+e−
)

≃ 1.2 keV,

which favours a b-quark electric charge of −1/3.
Other, more formal developments were also considered. From canonical trace anoma-

lies of the energy-momentum tensor, E. Etim and M. Greco [18] derived the following
general, n-valued family of quark-hadron duality sum rules:

(13)

∫ s̄

s0

dssn ImΠ(s) =
αR

3

s̄n+1

n + 1
−

cn

n + 1
,

where the limits of integration define the region where the two dual contributions are
averaged and the imaginary part of the vacuum polarization function is related to the
e+e− annihilation cross section into hadrons via

ImΠ(s) =
s

4πα
σhad(s)(14)

= 4π2α
m2

ρ

f2
ρ

∑

n

δ(s − m2
n)(15)

if one adopts the narrow width approximation for vector resonances in the final expres-
sion.

In particular, for n = 0 the preceding equation takes a much more familiar and simple
form,

(16)

∫ s̄

s0

ds

(

ImΠ(s) −
αR

3

)

= 0,
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whose generalization to axial-vector channels and to channels with open strangeness was
also discussed by E. Etim, M. Greco and Y. Srivastava in [19].

As previously stated, both the general form of these sum rules and their extension to
different channels suggest that a part of the subsequent work leading to the extremely
successful SVZ or QCD sum rules of 1979 was done by a reduced group of people under
Mario’s direction. Certainly, this initial ideas developed around 1972 were quite simple
and naive—no gluons, no condensates could be invoked during those pre-QCD days—but
the central point, namely, the dual behaviour between quark and resonance contributions,
was already there. For the present author it has been a great pleasure to remember those
days as a postdoc member of the group enjoying a wonderful stay in Frascati.

∗ ∗ ∗

Thanks are due to G. Isidori for his kind invitation to participate in the special
session honoring Prof. Mario Greco and to the organizers of the meeting in La Thuile
2011 for the excellent atmosphere and organization.
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Summary. — As part of the 70th birthday celebration of our dear friend Mario
Greco, a brief history of the development of radiative effects at Frascati in QED and
QCD covering the period between late sixties to the late eighties is presented. During
these two decades, two parallel resummation schemes for QED were formulated and
radiative corrections were made for the J/Ψ production and later for Z0 production.
The schemes were then extended to QCD to obtain realistic estimates of the e+e−

hadronic cross-sections at all energies. It led to the introduction of several new
concepts: frozen αs and later to singular αs and to the notion of the maximum
value of transverse energy allowed in a radiative process. Some other fall outs from
this research such as transverse momentum distributions and hadronic total cross-
sections which are valid even now would be briefly touched upon.

PACS 13.85.Lg – Total cross sections.
PACS 13.60.Hb – Total and inclusive cross sections (including deep-inelastic pro-
cesses.

1. – Resummed QED radiation

In 1960, Bruno Touschek had the seminal idea of making an electron positron ma-
chine. It led first to the construction at Frascati of ADA (in 1961, with an energy of
250 MeV) and later to ADONE (with an energy of 3 GeV). With the advent of ADONE,
a sizeable theory group developed at Frascati, whose members in 1966, were Giovanni
De Franceschi, Paolo Di Vecchia, Francesco Drago, Etim Etim, Giancarlo Rossi, Mario
Greco and GP, one of the authors of this note (see fig. 1). Touschek understood that
a proper quantitative analysis of the experimental results from ADONE (or any other
e+e− colliding beam) necessitated precise computations of resummed finite radiative
corrections. His philosophy being “We must do the administration of the radiative cor-
rections to electron positron experiments”. In his words, “We must earn our bread and
butter” [1].

c© Società Italiana di Fisica 15
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Fig. 1. – Mario Greco and YS in Frascati in 1972.

The first scheme towards infra-red (IR) radiative correction to the cross-section of a
process through resummation was initiated by Touschek [2] through a relativistic formu-
lation of the Bloch-Nordseick Theorem, Poisson statistics and energy-momentum conser-
vation. The resummed probability distribution of a 4-momentum loss Kµ carried off by
soft photons in a process was obtained as

d4P (K) =

[

d4K

(2π)4

]
∫

d4x exp[−h(x) + iK · x],(1)

where h is defined in terms of the mean number of photons n̄(k) as

h(x) =

∫

d3n̄(k)
(

1 − exp[−ik · x]
)

.(2)

If only the distribution in ω, the total energy lost through IR radiation is required, the
closed form expression is

dP (ω) =

[

dω

2π

]
∫ ∞

∞

dt exp[iωt − h(t)] = N (β)β
dω

ω

( ω

E

)β

,(3)
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Fig. 2. – Mario Greco with the author (YS) and Guido Altarelli at Accademia dei Lincei, circa
1974.

where N (β) is a calculable normalization factor and β for electrons and positrons is given
by

β =
4α

π

(

log
2E

me

− 1

2

)

.(4)

Unlike perturbation theory to any finite order, the resummed distribution in eq. (3) is
integrable. If ∆E is the maximum allowed energy loss, the IR radiative correction factor
to the cross-section is given by

dσ = N (β)

(

∆E

E

)β

dσ0.(5)

The method was further extended for resonant processes [3]. The width of the resonance
provides an intrinsic cut-off and Γ replaces ∆E, provided Γ ≪ ∆E (as is the case for
J/Ψ) and for this case, a radiative tail also develops.

An equivalent very successful second scheme, also suggested by Touschek, —focused
on correcting the scattering amplitude itself rather than the measurable cross-section—
was developed by Greco and Rossi [4]. Both schemes were employed to do extensive and
precise radiative corrections for the J/Ψ resonance and then for the Z0 resonance [5].
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2. – QCD radiation

During the period that QCD with its quarks and gluons was becoming the ac-
cepted theory behind hadrons largely thanks to the theoretical notion of asymptotic
freedom, and the experimental observation of jets at high energies in e+e− and pp/pp̄
reactions, theoretical need arose for saying something reasonable about the unknown
non-perturbative IR “slavery” region of QCD. An immediate problem at hand was a
description of the experimentally measured e+e− → hadrons at the initial energy

√
s.

With point like quarks and hadrons, the famous ratio R(s) was written down as

R(s) =
σ(e+e− → hadrons)

σ(e+e− → µ+µ−)
= 3

[

∑

i

Q2
i

]

[1 + αs(s)/π] ,(6)

where Qi denotes the charge (2/3 for an up quark and −1/3 for a down quark), and
αs(s) is the QCD running coupling constant, whose AF expression is given by

αAF (s) =
12π

(33 − 2nf ) ln(s/Λ2)
.(7)

As the threshold of a given quark channel is crossed, its contribution is included in
the sum leading thereby to steps in the cross-section for charm and later bottom quark
thresholds. What about the lower energy region which should give an average value of
2, in the free quark model due to the almost massless u, d, s quarks? Would there be
an enhancement due to some average value of αs term as in eq. (6)? Since theoretically
eq. (7) is not expected to be valid at low energies, and experimentally the low energy
cross-section has much variation due to low energy resonances (ρ, ω, φ, . . .), some device
has to be found to theoretically estimate the QCD correction in this region and another
to compare it to the experimental value. The technique adopted in [6] was to assume
that αs is “frozen” at low energies:

αfrozen(s) =
12π

(33 − 2nf ) ln(a + s/Λ2)
,(8)

where a is a constant (see fig. 2). To smooth out the ups and downs from resonances, a
zeroth moment of the experimental R(s) was constucted

M(s̄) =

∫ s̄

0

(ds)Rexpt(s).(9)

From fig. 3, an average value of Rlight ≈ 2.4 was deduced. Also, the thresholds of various
flavours being sharply delineated, allowed the authors to obtain an effective charm quark
mass mc ≈ (1.45 ± 0.5) GeV/c2. By the way, it also provided a neat direct check of
semi-local quark-hadron duality for light and heavy quarks.

Over the years, IR behavior of αs would become a crucial widely discussed topic and
singular but integrable versions would be proposed [7]

αIR(s) →s≪s0
(s0/s)p,(10)
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Fig. 3. – Zeroth moment of R(s).

with 1/2 ≤ p < 1: the upper limit p = 1 being the Wilson value whereas the lower limit
p = 1/2 corresponding to confinement but just. (αfrozen corresponds to p → 0, which of
course does not lead to confinement.)

The coherent state formalism for IR resummation in QED was successfully extended to
QCD [8]. Very soon compact expressions for various jet processes in QCD were obtained
using the coherent state formalism [9,10], see fig. 5.

3. – Two applications of the QCD radiation

When transverse momentum distributions were analyzed through αfrozen, an abi-
trary “intrinsic” transverse momentum had to be introduced. On the other hand, the
singular version in eq. (10), was shown to generate spontaneously such a term with quite
satisfactory results [7] as can be seen in fig. 4.

For the pt- distribution for Drell-Yan pairs and other proceesses, a very useful concept
of the maximum transverse momentum Qmax was intoduced by Chiapetta and Greco [11].
The quantity Qmax along with an IR singular αs have been used by us extensively in our
later papers on soft-gluon resummation in total and inelastic hadronic cross-sections [12].
Recent data on inelastic cross-sections at

√
s = 7 TeV from LHC have been successfully

analyzed using this formalism.
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Fig. 4. – “High” transverse momentum distribution circa 1979 [7].

Fig. 5. – Mario Greco with GP.
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4. – Coda

May we all meet at our 90th birthday.
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Summary. — The discoveries of the heavy quarks are briefly reviewed, with a
focus on the role played by Mario Greco in the interpretation of the experimental
observations, and on his contributions to heavy quark precision phenomenology.

PACS 12.38.-t – Quantum chromodynamics.
PACS 14.40.Pq – Heavy quarkonia.
PACS 14.65.-q – Quarks.

1. – Mario’s charm

In November 1974 two experimental groups simultaneously announced the discovery
of a new resonance. The collaboration led by Sam Ting [1] at the Brookhaven National
Laboratory and the one led by Burton Richter [2] at the Stanford Linear Accelerator Lab-
oratory agreed on all the key characteristics of the new particle, but its name. Since the
latter is not consequential, we shall rather focus here on its mass, at 3 GeV significantly
larger than previously observed hadronic resonances and—more importantly—its total
width, estimated at less than 1.3 MeV in [2], a surprisingly small value for a hadronic
resonance. Appelquist and Politzer [3] and De Rujula and Glashow [4] are credited with
the first interpretation of the new particle (eventually called J/ψ) as a bound state of the
previously unobserved charm quark and its antiquark. The relatively large mass of the
new quark (∼ 1.5 GeV), together with the asymptotic freedom property of QCD, could
elegantly explain the very small observed width.

Mario Greco was 33 years old and en route to SLAC for a seminar when the news of the
discovery broke. Once at destination he was able to gather the available details, notably
the mass of the resonance, and forward them to Frascati, where the observation could
immediately be confirmed by the ADONE e+e− collider [5]. Mario then flew to Mexico
City for a planned visit, and once there he learnt about the discovery of the ψ′ through
the local press. In collaboration with C. A. Dominguez he quickly published a paper [6]
(fig. 1). Working within the Extended Vector Meson Dominance (EVMD) approach [7],
and using the scarce experimental data available about the new ψn resonances, they
were able to derive their total contribution to hadron production in e+e− collisions.

c© Società Italiana di Fisica 23
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Fig. 1. – The front page of the Dominguez-Greco [6] paper interpreting the observation of the
J/ψ as a charm-anticharm vector bound state. The typo in the title, EVDM rather than
EVMD (a clear indication of how hectic those times must have been), bears fortunately no
relation with the accuracy of the paper.

They wrote

R =
σ(e+e− → γ → hadrons) + σ(e+e− → ψn → hadrons)

σ(e+e− → γ → µ+µ−) + σ(e+e− → ψn → µ+µ−)

= Rnormal + Rcharm ≃ 2.5 + 1.2 = 3.7.(1)

The resulting increment for the R ratio was in fair agreement with experimental data,
and allowed them to interpret the newly observed resonances: “. . . one is naturally led

to think of the new narrow resonances as charm-anticharm vector mesons”.

2. – Mario’s beauty

A few years later it was the turn of another quark to make its appearance in the form of
a new resonance. In 1977 the collaboration led by Leon Lederman observed a peak around
9.5 GeV in the structure of the dimuon spectrum in 400 GeV proton-nucleus collisions at
the Fermilab [8]. This was quickly interpreted as a bottom (or beauty)-antibottom bound
state. Shortly thereafter, Mario Greco applied again [9] duality ideas [7, 10-14] to this
discovery. These ideas led to simple relations for the electronic widths of vector mesons

Γeē
ρ : Γeē

ω : Γeē
ϕ : Γeē

ψ : Γeē
Υ = 9 : 1 : 2 : 8 : 2(8),(2)

where the last term in the equation above is related to the electric charge of the bottom
quark having the value −1/3(2/3). Choosing the value −1/3 leads to the prediction
Γeē

Υ ≃ 1.2 keV. This, in turn, allows one to estimate the production cross section of the
Υ, for which Mario obtained a value in good agreement (within a factor of two) with the
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Table I. – The predictions of ref. [9] for the electronic widths of bottom-antibottom bound states,

compared to modern experimental results.

Γeē (keV) Υ Υ′ Υ′′

Mario Greco [9] 1.2 0.65 0.55
PDG [15] 1.34 0.61 0.44

experimental measurement. He could therefore conclude that the charge −1/3 for the
bottom quark was favoured by the available data: “Our results suggest that the charge

of the new constituent quark is likely −1/3”.
A by-product of this analysis were the predictions for the values for the leptonic

widths of the Υ and the higher resonances, at the time unknown. Table I compares the
predictions in [9] with the modern measured values. Obviously, not a bad job.

3. – Top discovery

After these two discoveries almost twenty years elapsed before the sixth quark was
finally observed. The CDF collaboration at the Fermilab Tevatron collider published at
first initial evidence [16] for the top quark in 1994, and followed up in 1995 with the
definitive observation [17]. This last paper was also presented [18] in the 1995 edition
of the La Thuile conference, one of the very first public announcements of the definitive
discovery of the top quark.

The very large mass, of the order of 175 GeV, at which the top quark was finally
observed would have been perhaps surprising only a few years earlier when, without
any other experimental guidance, one could have expected a top quark only marginally
heavier than the heavy quarks already discovered. However, by the time of the CDF
discovery, a lot more information was available through the precision fits of the Standard
Model parameters performed at LEP. In particular, it had become clear (see, e.g., fig. 2,
taken from [19]) that the top quark was going to be very heavy, with a mass of the
order of 150 GeV, and a residual uncertainty that, in 1994, was probably of the order of
±20–30 GeV. This indirect evidence for the value of the top mass was one of the main
contributions of LEP to the experimental landscape, and it was possible because of a huge
amount of theoretical and phenomenological work directed at improving the predictions.
As an example of Mario Greco’s contribution to this collective effort I’d like to mention
two of his many papers on radiative corrections for LEP physics, refs. [20] and [21], which
extensively reviewed and systematized electromagnetic corrections to Bhabha scattering
at the Z0 pole.

4. – “Precision” physics in heavy quarks and quarkonium

After the time of discoveries comes of course that of more accurate measurements
and, out of necessity, more refined theoretical predictions, usually in the form of next-
to-leading order (NLO) and resummed calculations. I wish to mention in particular two
contributions of Mario Greco to this endeavour.

On of them is the first complete and systematic NLO calculation of heavy quarko-
nium total cross sections in hadronic collisions [22] within the then recently developed
Non-Relativistic QCD (NRQCD) formalism [23]. This work capped a series of papers
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Fig. 2. – (Colour on-line) The evolution in time of the top mass value extracted from electroweak
precision fits at LEP (green circles), together with the actual measurements at the Tevatron (red
and blue triangles, magenta squares). Taken from ref. [19], page 24, fig. 16.

on heavy quarkonium that Mario and I wrote together, the first of them, on the role of
resummed fragmentation contributions in the production of J/ψ at the Tevatron [24], as
part of my doctoral thesis. Twenty years after its discovery, the J/ψ was still providing
theorists with a lot of work, the focus having shifted to a detailed understanding of its
production mechanism and to accurate evaluations of its cross sections, a quest that still
goes on today.

A second contribution of Mario to precision phenomenology is the large transverse
momentum resummation of heavy quark production in hadronic collisions [25], a paper
that we wrote together in 1993 and my first foray into QCD. At the time I was a graduate
student in Pavia. Mario, who eventually spent three years there, had just moved from a
position with the INFN (the Italian Institute for Nuclear Physics) to a professorship in the
University. He suggested that I look into combining the results of an article he had written
a few years earlier with Aversa, Chiappetta and Guillet, the full set of higher-order QCD
corrections to parton-parton scattering processes [26], with those from a paper from Mele
and Nason [27], which calculated the boundary conditions of the fragmentation functions
of massless partons into a massive quark. Together with the evolution kernels from
Altarelli-Parisi [28] and Curci-Furmanski-Petronzio [29], these ingredients were what
was needed to perform the resummation to next-to-leading logarithmic level of the cross
section for heavy quark production at large transverse momentum. The availability of
all the building blocks did not make the job look less daunting. Mario put me in touch
with Jean-Philippe Guillet and with Paolo Nason (and later Michel Fontannaz), who
kindly provided us with codes they had written for other projects but which contained
the necessary ingredients. Then, patiently and with a keen understanding of what the
correct outcome had to look like, he helped me make sense of a few thousand lines of
CAPITALISED Fortran 77 code and eventually obtain physically meaningful results.

This work, also a part of my PhD thesis, has successively evolved into the so-called
FONLL calculation [30] of heavy quark production, a formalism where the fixed order
calculation at NLO [31] is matched with the resummed one from [25] and, at the same
time, non-perturbative information extracted from LEP data is employed in predictions of
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Fig. 3. – Schematic view of “previous art” used in the FONLL formalism, showing the authors
of the main ingredients that enter the calculation.

heavy hadrons spectra in hadronic collisions. A schematic view of the FONLL calculation,
in the form

dσFONLL
HQ

=
[

dσNLO
Q ⊕ dσres

Q

]

⊗ Dnon-pert
Q→HQ

,(3)

where ⊕ denotes a “matched” sum and ⊗ a convolution, is given in fig. 3. It shows how
FONLL draws from a large amount of previous work in QCD, achieving a remarkable
synthesis. Eventually, this synthesis also proved to be quite effective, as it was shown
capable of describing well heavy quark production in a number of different experiments,
from ep collisions at HERA, to pp and pp̄ at RHIC and the Tevatron and, more recently
and almost 20 years after it was first introduced, pp collisions at the LHC.

5. – Conclusions

The history of heavy quarks is now almost forty years long, and Mario Greco’s career
spanned all of it. His work has given many contributions to our present understanding,
and in these proceedings I could only describe briefly some of it.

The very much abridged story of these forty years started here with the discovery of
the fourth quark, charm. It may be easy, today and from the heights of our six known
quarks, the heaviest of them with potential links to new physics beyond the electroweak
scale, to take this fourth, barely “heavy” quark almost for granted. This would however
mean doing injustice to the revolutionary proposal of Glashow, Iliopoulos and Maiani [32]
which in 1970, introducing the charm quark, presciently captured the lepton-hadron
symmetry which is now a cornerstone of the Standard Model. Indeed, its importance did
not quite go unnoticed at the time, and Collins, Wilczek and Zee [33] could for instance
write, in 1978 and before the Nobel prize effectively sealed the paternity of the Standard
Model, “. . . we specialize to the standard sequential Weinberg-Salam-Glashow-Iliopoulos-

Maiani model of weak interactions. . .”.
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∗ ∗ ∗

I wish to thank the Organisers of La Thuile conference for inviting me to give this
talk. More importantly, I wish to thank Mario for the physics he has taught me and for
the attitude towards physics that I have tried to learn from him. It has been a privilege
to be his student and collaborator, and a real pleasure to work with him.
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Summary. — The Cosmic Microwave Background Radiation (CMBR) has over
the last four decades been measured to increasingly high precision and with that
provided information on the early Universe to shape and scrutinize our current
cosmological model. Here we provide an overview on the status and prospects of
current and future measurements.

PACS 98.80.Es – Observational cosmology (including Hubble constant, distance
scale, cosmological constant, early Universe, etc.).
PACS 98.70.Vc – Background radiations.

1. – Introduction

The Cosmic Microwave Background Radiation (CMBR) is a relict from the early Uni-
verse from the time of recombination when the Universe became transparent to photons,
400000 years after the Big Bang. It provides a picture of the early Universe and with
that rich information on the content and dynamics of the Universe. While its temper-
ature pattern has already been studied in detail and was instrumental in establishing
the current cosmological model experiments have only in the last decade reached the
sensitivity to additionally access the fainter polarization anisotropy. We will describe the
status, prospects and potential of the measurements whereby illustrating the experimen-
tal challenge of polarization measurements with a focus on the Q/U Imaging ExperimenT
(QUIET [1]).

2. – Temperature anisotropies

The temperature anisotropies reflect the acoustic oscillation pattern in the early Uni-
verse due to the density fluctuations at the time of decoupling of photons. After the
first detection of the small anisotropies by the COBE satellite a good number of ground-
based and balloon experiments contributed to characterizing their detailed characteris-
tics which by now have also been measured on all sky to a very high precision by the
WMAP satellite. As a Gaussian homogeneous and isotropic field all information of the
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Fig. 1. – (Colour on-line) Measurements of the CMBR temperature power spectrum together
with a fit of the best cosmological model in red. Foregrounds dominate above l = 3000 (from [2]).

anisotropy pattern can be condensed into the well-known power spectrum which allows
the extraction of the parameters characterizing our cosmological model.

T (θ, φ) =
∑

almYlm(θ, φ) Cl = 〈alma∗

lm〉 ∆T 2 =
l(l + 1)

2π
Cl.

The Ylm are spherical harmonics where the multipole l defines the angular scale (small
l means large angular scale). To date the spectrum has been precisely measured in a
multipole range of almost four decades (see fig. 1). Current measurements are fully
compatible with Gaussian fluctuations. Future surveys like the Planck satellite will be
able to much further constrain the level of possible non-Gaussianities and with that probe
the predictions of different inflationary models.

The shape of the spectrum is determined by the content and dynamics of the Universe.
The acoustic oscillation pattern of the plasma in the early Universe is imprinted on the
photons released at the time of decoupling. The horizon size at that time provides a
boundary condition that translates into a series of peaks at certain angular scales in the
power spectrum of the CMBR anisotropies. The large power at the first peak of the
spectrum is associated with the fluctuations of the size of the horizon at the time of
decoupling and thus the position determines the angular size of the horizon as seen by
today’s observers, about 1 degree. Though seemingly large (6000 µK2) the power at the
first peak corresponds to a fluctuation of only 10−5 of the absolute CMBR temperature
of 2.7 K. Current CMBR power spectrum measurements allow determining the main
parameters of the cosmological model like the baryon and dark matter content to the
precision of few percent.

While the CMBR is often perceived as providing a complete picture of the early
Universe it is also crucial to appreciate that its pattern can not uniquely be mapped to a
single cosmological model but contains degeneracies in the allowed parameter space. The
pattern that is visible today is not only affected by the conditions of the early Universe
but also by the structure in the line of sight and its development as well as the curvature
of the Universe.
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Fig. 2. – Left: Models in the ΩΛ vs. Ωm plane allowed by WMAP measurements for various values
of the Hubble constant (from [5]). Right: Further constraints in the same plane coming also
from supernovae and baryonic acoustic oscillations with systematic errors included (from [6]).

A prominent degeneracy is illustrated by the evidence that supports the existence of
Dark Energy from CMBR measurements. Figure 2 from [3] shows the phase space of
cosmological models in the ΩΛ vs. Ωm plane (energy densities of Dark Energy and matter)
that is allowed by the WMAP measurements. Only when also considering external
information like a measurement of the Hubble constant the phase space with no Dark
Energy (ΩΛ=0) is ruled out(1). Measurements of Supernovae distances and baryonic
oscillations also complement the information of the CMB to narrow the allowed parameter
range considerably towards a flat Universe with a significant content of Dark Energy as
seen in the right plot of fig. 2. The increasingly detailed measurements of the temperature
anisotropies did not only help establish and specify the current cosmological model at
high precision but also provide a rich data set to scrutinize anomalies. As to date several
unresolved anomalies have been reported (see, e.g., [7]). A prominent large-scale anomaly
is that the quadrupole (l = 2) and octupole (l = 3) as measured by WMAP are closely
aligned also with the ecliptic plane. Though a cosmological origin seems unlikely no
instrumental or systematic feature could be proven to account for this distinct feature
though the suspicion of possible subtle scan-induced issues has been raised [8]. The
new full-sky survey by the Planck satellite will soon be able to shed more light on
this with an independent measurement including different scanning and instrumental
systematics.

3. – Polarization anisotropies

The polarization pattern is conventionally split into orthogonal contributions named
“E”- and “B”-modes which contain gradient and curl components, respectively. E-modes

(1) By now the first evidence for Dark Energy from CMB measurements alone has been reported
by ACT, breaking the previous degeneracy by adding CMBR lensing information [4].
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Fig. 3. – (Colour on-line) Various inflationary models are compared in the plane of r = T/S and
ns to the allowed phase space from WMAP measurements which is indicated in red (from [3]).

derive from the same physical origin as the temperature anisotropies, namely the density
fluctuations and the associated dynamics and are one order of magnitude smaller than
the temperature anisotropies, corresponding to a signal size of µK size. The E-mode
polarization directly derives from the flow of the photons between hot and cold spots.
As the density fluctuations have by now been measured to high precision by the CMBR
temperature data the resulting model predicts also a well-defined polarization pattern
with it, that can be cross-checked with the polarization measurements and has been
confirmed by current E-mode power spectrum measurements. In stacking the maps of
polarization data from hot and cold temperature spots in the WMAP data the expected
polarization pattern around those regions could also already be visualized [3].

B-modes are expected from lensing of the E-modes due to matter in the line of sight,
but in addition most excitingly also as imprint of primordial gravitational waves in the
inflationary era. The B-mode signal due to lensing is expected at more than an order
of magnitude smaller size than the E-modes. The size of the B-mode signal deriving
from primordial gravitational waves is dependent on the energy scale of inflation and
commonly parametrized by the tensor-to-scalar ratio r = T/S. Current limits constrain
its expected size to smaller than ∼ 100 nK.

The phase space of inflationary models can be parametrized by r together with the
slope ns of the primordial power spectrum whereby ns is predicted to deviate slightly
from 1. Several models are displayed in this parameter space in fig. 3 together with
the current best constraints from measurements. The slope ns has been measured to
0.97 ± 0.012 and the best constraint on r of r < 0.2 also still comes from the CMBR
temperature measurements together with supernovae and baryonic accoustic oscillation
measurements which cannot constrain it further. The best limit on r from polarization
data alone comes from the measurements by BICEP at r < 0.7 [9].

Upcoming polarization experiments aim at providing sensitivities to reach r = 10−2,
corresponding to signal sizes of tens of nK and the interesting regime of inflationary en-
ergy scales of the order of the GUT energy scale. The CMBR polarization thus provides
a unique view on the earliest moments of the Universe and accesses energies that collid-
ers cannot explore, with this complementing the measurements in High Energy Physics
laboratories in a highly interesting phase space.
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4. – The experimental challenge

In order to access the subtle signature of inflation in the CMBR polarization a sig-
nificant improvement in sensitivity is needed. As current technologies operate close to
fundamental limits this step requires large detector arrays. Large bolometer arrays of the
order of several 100 detectors are being built and some already operating. The current
most sensitive CMBR array is the successor BICEP 2 of BICEP 1. It is already taking
data since 2009 with 512 detectors at the South Pole. In November 2010 it has been
followed by the first parts of the Keck array which in 2011 will be complemented to its
final size of 5 × 512 detectors and will then be the most sensitive receiver operating.

Another probe of the inflationary B-modes already in the next year will come from the
Planck satellite. Its sensitivity for B-modes from gravity wave reaches r = 0.1 and stems
from large angular scales (l = 5) where also a big signal is expected (its size also depends
on the details of reionization). With this different angular reach Planck complements
the ground-based measurements in the B-mode search.

Now that the required sensitivity can technically be reached there are still two big
obstacles in the way of hunting the primordial B-modes, namely systematics and astro-
physical foregrounds. It has yet to be shown that the level of instrumental systematics
can be controlled to the required size of nK. And the signal from the sky is not a clean
view on the CMBR, but contaminated by signals from, e.g., diffuse emission in our
galaxy. The main foregrounds come from synchrotron and dust emission which both
are polarized. As the frequency dependence of these foregrounds is different from the
CMBR dependence the experiments strive to identify and eliminate the foregrounds by
evaluating the sky at several frequencies. The synchrotron emission decreases with fre-
quency and is dominant at frequencies below 100 GHz while the dust contamination is
increasing with frequency and dominant above 100 GHz where current bolometer arrays
are sensitive. The foregrounds can vary spatially and are at most frequencies expected
to have larger signals than the tiny primordial B-mode signal, so it will be a significant
challenge to prove the successful cleaning of the CMBR maps.

5. – The Q/U Imaging ExperimenT (QUIET)

The QUIET instrument has in contrast to most other current CMBR polarization
experiments been built using coherent amplifier technology. This allows the instanta-
neous measurement of both linear polarization Stokes parameters Q and U in a single
pixel and with this provides an excellent handle for the control of polarization system-
atics. Building on the planar polarimetry receiver developments at the Jet Propulsion
Laboratory (JPL) [10] polarimeters at 40 GHz (Q-band) and 90 GHz (W-band) had been
developed which were used to build a 19 and a 91 element receiver array, respectively.
Both receivers were subsequently installed from summer 2008 till the end of 2010 on the
former CBI platform in the Atacama desert in Chile. With its low frequencies QUIET
complements the reach of other CMBR experiments using bolometer arrays, which are
measuring at frequencies > 100 GHz. The instantaneous sensitivity of the QUIET arrays
of ∼ 70 (85) µK

√
s made them the most sensitive HEMT polarization receivers in the

world.
Four patches of the sky of 400 square degrees each were chosen to allow almost

continuous observing and at the same time minimize the expected potential foreground
contamination from the diffuse galactic emission. Two patches in the galactic plane were
observed during the time when none of these selected patches were visible.
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Fig. 4. – The different systematic errors as evaluated in detailed simulations for the QUIET
experiment are shown for the E-mode and B-mode spectra as well as the EB-spectra also in
comparison to the statistical error (from [11]).
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The data streams were switched and differenced at two different frequencies (4 kHz
and 50 Hz) in order to suppress the impact of 1/f noise and imperfections of the detection
chains in the receiver. In addition possible ground-contamination was minimized through
subtraction of ground-templates and the evaluation of the power spectrum by cross-
correlating maps observed with different boresight rotations of the receiver.

The analysis of the Q-band data has been finished [11] and the analysis of W-band
is underway with a data set with a factor of two better sensitivity. The analysis was
performed in a blind way which means that selection criteria were chosen based on the
studies of null spectra where two halves of the data were differenced. Though common
in high energy physics experiments this philosophy has not yet made its way into the
increasingly sophisticated analyses of complex cosmological data and this analysis is one
of a few pioneering this approach for CMBR measurements.

The systematics were evaluated through multiple simulations and found to be minor
compared to the statistical error. The various contributions are shown in comparison to
the statistical error in fig. 4. The main contribution for B-modes comes from instrumental
features leading to leakage of the temperature signal into the polarization signal (I to
Q/U). The leakage could in the future be corrected for and thus suppress the systematics
further by an order of magnitude. For B-modes these systematics are already the lowest
reported to date (< r = 0.1) at the angular scales relevant for the signature of primordial
gravity waves (l = 100).

The final Q-band E-mode spectra and limits on the B-spectrum are shown in fig. 5 in
comparison to other results. QUIET confirms at lower frequency the only measurement
of the first peak in the E-mode power spectrum at 150 GHz. The measured B-mode
spectrum is consistent with no signal.

Having successfully proven the potential of the technology with good sensitivity and
low systematics the planning for an expansion of the QUIET arrays is now underway to
achieve sensitivities for measuring r ≃ 10−2.

6. – Outlook

The CMBR measurements have opened a window to rich information on the early
Universe. The continuous improvements in the sensitivity allow now to start investigating
on the subtle signature from primordial gravity waves from the very first moments of
the Universe in the CMBR polarization pattern. Already in the upcoming years an
interesting phase space can be explored which will help to shape the theoretical standard
models in both cosmology and particle physics.
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Summary. — The Inert Doublet Model (IDM) is a simple and yet very rich exten-
sion of the Standard Model which provides interesting scalar dark matter candidates.
In these proceedings, we show that annihilation into 3 body final states WW ∗ → f̄f ′

can significantly affect the viable parameter space of the IDM below the W thresh-
old as well as the prospects for direct and indirect detection searches. We also show
that the new viable region of the IDM between ∼ 80–150 GeV is already almost
completely ruled out by the most recent results of the Xenon 100 experiment.

PACS 95.35.+d – Dark matter (stellar, interstellar, galactic, and cosmological).
PACS 12.60.-i – Models beyond the standard model.
PACS 12.60.Fr – Extensions of electroweak Higgs sector.

1. – Introduction

Even though dark matter accounts for about 23% of the energy density of the Uni-
verse [1], we do not yet know its true substance. Among the zoo of dark matter candidates
now available in the literature, the inert dark matter particle has earned a special place
as a representative candidate of weakly interacting scalar dark matter.

In the inert doublet model, a Higgs doublet H2, odd under a new Z2 symmetry, is
added to the standard model particle content. The scalar potential of this model is given
by

V = µ2
1|H1|

2 + µ2
2|H

2
2 | + λ1|H1|

4 + λ2|H2|
4 + λ3|H1|

2|H2|
2

+λ4|H
†

1H2|
2 +

λ5

2

[

(H†

1H2)
2 + h.c.

]

,

where H1 is the Brout-Englert-Higgs doublet (referred to as Higgs in the following), and
λi and µi are real parameters. Four new physical states are obtained in this model: two
charged states, H±, and two neutral ones, H0 and A0. We choose H0 to be the lightest
inert particle, m2

H0 < m2
A0 , m2

H±
and the dark matter candidate. In our study, we will

use the following free paremeters: the combination λL = (λ3 + λ4 + λ5)/2 corresponding
to the scalar coupling of a pair of H0 to the Higgs particle h; mH0 , the H0 mass;
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Fig. 1. – The Feynman diagrams that contribute, in the unitary gauge, to the H0H0 annihilation
into the three-body final state WW ∗ → Wff̄ ′ within the inert doublet model.

∆mA0 = mA0 − mH0 and ∆mH± = mH± − mH0 , two mass splittings between the inert
scalars, and the Higgs mass, mh. Notice that the λ2 parameter has a small impact on the
dark matter analysis. We take into account all the known theoretical and experimental
constraints on this model—see [2] and [3]. This model has been extensively studied in
a number of recent works (see [4] and references therein). It was shown that the dark
matter relic density constraint can be satisfied for restricted values of mH0 . Four viable
regions can be distinguished: a small mass regime with mH0 ∼ 8 GeV [5,6], a large mass
regime with mH0

> 500 GeV [7,3,8] and two intermediate mass regime: mH0
� MW [2,3]

and mH0
� MW (as recently pointed out in [9]).

On general grounds annihilation of dark matter particles can receive large contri-
butions from three-body final states consisting of a real and a virtual massive parti-
cle [10-12]. In [4], we pointed out that the annihilation into the three-body final state
WW ∗ (→ Wff̄ ′), are important in the intermediate mass region below the W threshold.
Moreover, in ref. [9], we demonstrated the existence of a new viable region of the inert
doublet model featuring dark matter masses between MW and about 160 GeV. In that
mass regime, the correct relic density is obtained thanks to cancellations between differ-
ent diagrams contributing to dark matter annihilation into gauge bosons (W+W− and
Z0Z0). In these proceedings, we summarize the impact of the inclusion of the three-body
final state WW ∗ on the IDM and show that the new viable region of the IDM, just above
W threshold, is almost ruled out by direct detection experiments.

2. – Impact of the WW ∗
annihilation processes for fixed parameters

In order to clarify how important the annihilation of dark matter into WW ∗ (H0H0 →
WW ∗ → Wff̄ ′) can be in the inert doublet model, we first focus on the three-body
annihilation cross section σ(H0H0 → WW ∗) fixing the free parameters of the model
without imposing the WMAP relic abundance constraint [1]. In fig. 1, we represent
the three diagrams contributing to the annihilation of dark matter into WW ∗. For the
range of parameters that we consider here (mH0

< mA0
, mH± and mH0

� MW ), their
amplitudes depend weakly on mA0 (only through the Higgs width) and on mH+ (the H+

mediated diagram is suppressed by the t-(u-)channel propagator). σ(H0H0 → WW ∗) is
however much more sensitive to mH0 , λL (sign and magnitude), and mh.

In fig. 2, the left panels compare the two- and three-body annihilation rates at low
velocity, denoted by σv, for three different Higgs masses mh = 120 (top), 150 (middle)
and 200 (bottom) GeV. The two-body annihilation rate that has been thought to drive
indirect detection processes (well) below the W threshold is H0H0 → h → ff̄ . It is
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Fig. 2. – Annihilation rates and relic density ratios as a function of mH0
for |λL| = 10−2 and

∆mA0 = ∆mH± = 50 GeV. Left panel: Comparison between the three-body and the two-body
annihilation rate, σv, as a function of the dark matter mass for the two possible signs of λL

and mh = 120 GeV. Right panel: Ratio between the relic density including the three-body final
state and the relic density for two-body final states only for mh = 120 GeV and 200 GeV.

a Higgs-mediated process, whose amplitude depends on λL and on the Yukawa coupling
of the outgoing fermions f to the Higgs. We see in fig. 2 that the three-body process
can actually compete with the two-body ones. This is related to the Yukawa suppression
present in σv2-body and to the large multiplicity of final states associated with WW ∗

(→
∑

f Wff̄ ′) processes. σv3-body generically increases as mH0 gets closer to MW and
its dependence in the scalar parameters λL, mh is stronger around the Higgs resonance,
mH0 ∼ mh/2. More specifically, the presence of a trough in σv3-body next to mH0 =
mh/2 is due to the interference between the purely gauge diagram and the Higgs-mediated
diagram (left and central diagrams in fig. 1). Because of such interference, the three-body
cross section for λL > 0 (dash-dotted line) is larger than that for λL < 0 (dashed line)
above the Higgs resonance but smaller than it below the resonance. In any case, the
crucial point for us is that the three-body cross section is not negligible at all, especially
next to the W threshold.

We can now compare the relic density obtained for two-body final states only (denoted
as Ω(2-body)) with the one that includes the final state WW ∗ (denoted as Ω(3-body)
and referred to as the 3-body relic density). Let us mention that for our calculations, we
have used a modified version of micrOMEGAs, see [13] and references therein, in which
we incorporated the annihilation into the three-body final state WW ∗. To illustrate the
effect of the three-body final state on the relic abundance, we show in the right panels
of fig. 2 the ratio Ω(3-body)/Ω(2-body) as a function of mH0

for two values of the Higgs
masses mh = 120 and 200 GeV.

A ratio equal to 1 means that the three-body process gives a negligible correction
to the calculation of the relic density. Clearly, that is not the case. The ratio tends
to 1 for mH0 close to MW , where the annihilation into W+W− is efficient, and for
mH0 ≪ MW , where the three-body annihilation is suppressed, but in the intermediate
region the three-body final state plays a major role, giving rise to a correct relic density
significantly smaller than the two-body one. An effect that is present for every Higgs
mass and can lead to an overestimation of the predicted relic density by more than one
order of magnitude. Notice that using smaller ∆mA0 , the coannihilation through the
process H0A0 → Z∗ → ff̄ ′ increases the effective annihilation rate that drives the relic
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Fig. 3. – The viable parameter space for mh = 120 GeV (left panel) and the corresponding
WIMP-nucleon elastic scattering cross section (right panel). Along the lines Ωh2 = 0.11. The
thick lines are the result including the final state WW ∗, the thin lines correspond to 2-body
final states only.

abundance. They also reduce the impact of three-body process on the relic density. It
can be shown though [9] that the effect of the three-body final state remains important
over a significant portion of the viable parameter space of the inert doublet model.

3. – The impact of WW ∗
on the viable parameter space

We can now study the impact of the three-body process on the viable parameter space,
i.e. the parameter space determined by requiring that the predicted relic abundance be
compatible with the observed density of dark matter [1]. For definiteness, we focus on
mh = 120 GeV with λL > 0. The left panel of fig. 3 shows the viable parameter space
of the intermediate mass range of the inert dark matter model in the plane (λL, mH0)
for ∆mH± = 50 GeV, and two different values of ∆mA0

, 10 GeV (more coannihilations)
and 50 GeV. The thin lines in these figures correspond to the viable regions if only
two-body final states are considered. The thick lines, on the contrary, correspond to
the genuine viable regions, those obtained by taking into account two- and three-body
final states in the calculation of the relic density. We see that, as a consequence of the
three-body final state contribution to the annihilation rate of inert Higgs dark matter,
the required value of λL is smaller at any given mass, and the maximum allowed value
of mH0 gets reduced by several GeVs (without taking into account cancellations, see
sect. 4). The modification of the viable parameter space, induced by the annihilation
into the three-body final state WW ∗, appears to be a generic feature of the inert doublet
model. A feature that is present over a wide range of mH0 quite independently of the
other parameters of the model. As a consequence, the prospects for direct, indirect
detection but also Higgs searches have to be reexamined.

In the inert Higgs model, the H0N scattering cross section, σH0N , relevant for direct
detection is Higgs-mediated and is proportional to λ2

L. Given the new allowed values
of λL that were derived above, σH0N appears to be significantly reduced with respect
to the two-body result used, until now, in the literature. This is illustrated in the right
panels of fig. 3 where the prediction for σH0N are shown along the viable lines of the inert
doublet model for mh = 120. For comparison, in this figure we also show the current limit
from CDMS [14] and the recent results of the Xenon100 experiment [15]. Notice from
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Fig. 4. – Left panel: Annihilation branching ratio into the three-body final state WW ∗ along the
viable regions of the inert doublet model. Right panel: Ratio between the Higgs branching ratios
in the inert doublet model and in the standard model along the viable regions for mh = 150 GeV.
λL was taken to be negative and ∆mH± = 50 GeV.

the figure that the correct direct detection cross section can be more than two orders of
magnitude smaller than the one obtained for two-body final states leading to less stringent
constraints on the IDM from the present bounds set by direct detection searches.

The indirect detection signals of inert Higgs dark matter are also altered by the
existence of the three-body final state WW ∗. On the one hand, these signals should
be now computed along new regions, due to the modified viable parameter space. On
the other hand, in these new regions the annihilation cross section and branching ratios
typically receive large corrections from the three-body final state WW ∗. As a result,
the spectrum of photons, neutrinos, positrons and antiprotons expected from inert Higgs
annihilation will be different, changing its indirect detection prospects. In the left panel
of fig. 4, we show that the three-body final state WW ∗ becomes dominant over a sizeable
region of the viable parameter space.

In the inert doublet model, the Higgs boson can decay also into H0H0 and A0A0,
increasing the Higgs decay width and modifying its branching ratios. The contribution
to the Higgs decay with from the decay into the inert scalars is proportional to λ2

L, so
that it will be affected by the three-body final state WW ∗ via the new viable parameter
space. In the right panel of fig. 4, we illustrate for mh = 150 GeV how the Higgs decay
width can be modified when including the three-body final state in the determination of
the relic abundance. This should be taken into account for Higgs searches at colliders.

4. – Cancellations in the mH0 > MW regime

Above the W threshold, mH0 > MW , dark matter annihilation into W+W− becomes
kinetimatically allowed, with the result that the total annihilation cross section tends to
be rather large. Typically, the pure gauge contributions (i.e. setting all the inert scalar
couplings to zero) give rise to annihilation cross sections much larger than those required
to obtain the correct relic density (σv ∼ 3 × 10−26 cm3/s), so that it seems difficult to
satisfy the dark matter constraint in this mass range. In ref. [9] we have shown(1) that

(1) See also [16] and [4].
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Fig. 5. – Left panel: The dark matter annihilation cross section (at low velocity) into W+W−

and Z0Z0 as a function of λL for two different values of mH0 : 95 GeV and 110 GeV. Right
panel: Relic density.

taking advantage of the interference among the different diagrams that contribute to dark
matter annihilation into gauge bosons, it is possible to satisfy the relic density constraint
for mH0 � MW . Thus, opening up a new viable region of the inert doublet model.

It is easy to show that a cancellation between the diagram contributing to the annihi-
lation into two gauge bosons occurs for λL ≈ −2(m2

H0 − (Mh/2)2)/v2. In the following,
we refer to that condition as the cancellation condition. Hence, cancellations take place
for λL > 0 if mH0 < Mh/2 and for λL < 0 if mH0 > Mh/2. Notice also that the
cancellation condition is the same for both final states, W+W− and Z0Z0, indicating
that both processes will be simultaneously suppressed. Suppressing the annihilations
into W+W− and Z0Z0 is not enough to ensure a small dark matter annihilation cross
section. In addition, we must make sure that annihilation into the other possible final
states is not kinematically allowed. In the following, we will see that the viable models
taking advantage of the cancellations feature mH0 < Mh, mt.

5. – Examples

The cancellation effects we have described are illustrated in the left panel of fig. 5,
which shows the dark matter annihilation cross sections into W+W− and Z0Z0 as a
function of λL. For this figure we set Mh = 130 GeV, MH± = MA0 = 400 GeV, and we
consider two different values of mH0 : 95 GeV and 110 GeV. The cancellation condition
tells us that the cancellations should take place for negative values of λL = −0.16 and
−0.26, respectively, which is in good agreement with the full numerical treatment of the
annihilation cross section. We observe that the larger mH0 the larger the value of |λL|
required to obtain cancellations.

Since Ωh2 ∝ 1/σv, we expect these cancellations in the annihilation cross section to
increase significantly the inert Higgs relic density, opening up the possibility of finding
viable models for mH0 � MW . This is illustrated in the right panel of fig. 5.

6. – The new viable region and the constraints from direct detection searches

In ref. [9], we have performed a systematic analysis of this new viable region of the
parameter space using a Markov Chain Monte Carlo (MCMC). The left panel of fig. 6
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shows the new viable region of the inert doublet model in the plane (mH0 , λL). Notice
that the value of mH0 over the new region extends from MW up to about 160 GeV. In λL,
the range of possible values extends from −0.5 to about 3.0. A sharp contrast is observed
between the models with λL < 0 and those with λL > 0. In the former case (λL < 0),
the maximum value of mH0 is about 130 GeV and the Higgs boson is necessarily light,
Mh < 200 GeV, as cancellations occur for mH0 > Mh/2. In the latter case (λL > 0),
the maximum value of mH0 can be larger, strongly depending on the range of Higgs
masses. Thus, for 200GeV < Mh < 300GeV the maximum mH0 is only about 110 GeV
whereas it can reach almost 160 GeV for the largest Higgs masses, Mh > 500 GeV. It is
also apparent from the figure, that for λL > 0 the larger the Higgs mass the larger λL

must be.
In the inert Higgs model, the H0p scattering process relevant for direct detection is

Higgs-mediated and its cross section, σH0p, is directly proportional to the square of λL.
Given the rather large values of λL we found, we foresee that σH0p will be significant over
the entire new viable region. In the right panel of fig. 6, we show the spin-independent
dark matter-nucleon cross section, σH0p, as a function of mH0 for our sample of models.
σH0p lies in a narrow range between 3 × 10−7 and 10−8 Pb. In this figure we show
the constraints resulting from the present experimental (CDMS experiment [14] and
Xenon100 [15]). We see that the very last results of the Xenon100 experiment exclude
almost the entirety of this new viable region [15].

7. – Conclusions

We studied the impact, on the phenomenology of the inert doublet model, of dark
matter annihilation into the three-body final state WW ∗ and of cancellations among the
diagrams contributing to the annihilation just above the W threshold. The annihilation
cross section into WW ∗, σ(H0H0 → WW ∗), was shown to dominate the total dark
matter annihilation cross section over a relevant portion of the parameter space. In
consequence, the viable H0-coupling to the Higgs (λL) can be reduced by one order of
magnitude. This implies that the scattering cross section (∝ λ2

L) relevant for direct
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detection searches can become two orders of magnitude smaller. Moreover, concerning
the new viable parameter space of the IDM just above the W threshold, we have shown
that the last results of the Xenon 100 experiment excluded almost all the models with
masses mW < mH0 < 160 GeV.
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Summary. — Stochastic background of gravitational waves (GW) generated by
the interactions between primordial black holes (PBH) in the early universe and
by PBH evaporation is considered. If PBHs dominated in the cosmological energy
density prior to their evaporation, GWs from the earlier stages (e.g., inflation)
would be noticeably diluted. On the other hand, at the PBH dominance period
they could form dense clusters where PBH binary formation might be significant.
These binaries would be efficient sources of the gravitational waves.

PACS 04.30.-w – Gravitational waves.
PACS 98.80.-k – Cosmology.
PACS 14.65.Jk – Other quarks (e.g., 4th generations).

The registration of the gravitational waves generated in the early universe could bring
an important information about inflation, possible (first order) cosmological phase tran-
sitions, topological defects, such as cosmic strings, etc. Very sensitive GW detectors
such as LIGO and LISA may make the discovery opening a new era of gravitational
wave astronomy. In particular, an observation of stochastic cosmological background of
low frequency GWs could be a final proof of inflation. However, an absence of a such
background would not mean that the universe was not in inflationary stage. First, the
present day density of GWs depends upon the model of inflation and, second, there could
be a mechanism which suppresses the density of GWs at post-inflationary stage. Such a
mechanism is described in my talk. Though the inflationary background of GWs could
be noticeably suppressed, a new higher frequency GWs would be generated by the sug-
gested mechanism. The talk is based on two papers [1, 2]. In the second one a detailed
reference list is presented which is reduced here due to lack of space.

We consider GWs produced by the interactions between primordial black holes (PBH),
as well as by their evaporation. PBHs are supposed to be very light, so they evaporated
before the big bang nucleosynthesis (BBN) leaving no trace in the present day universe,
except for GWs. The lifetime of an evaporating black hole with mass M is equal to [3]

(1) τBH =
10240π

Neff

M3

m4
Pl

,

c© Società Italiana di Fisica 47
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where mPl = 1.22 · 1019 GeV = 2.176 · 10−5 g is the Planck mass and Neff is the number
of particle species with masses smaller than the black hole temperature:

(2) TBH =
m2

Pl

8πM
.

The corrections due to the propagation and back-capture of the evaporated particles [4],
the so called grey factor, change this result by a factor of order unity and are not included
here.

According to ref. [5], to avoid a conflict with BBN the lifetime of PBHs should be
shorter than t ≈ 10−2 s and thus the black holes should be lighter than

(3) M < 1.75 · 108

(

Neff

100

)1/3

g.

The temperature of such PBHs exceeds 3 · 104 GeV and correspondingly Neff ≥ 102.
Formation of PBHs from primordial density perturbations in the early Universe was

considered in pioneering papers [6,7]. PBHs were formed when the density contrast, δρ/ρ,
at horizon was of the order unity or, in other words, when the Schwarzschild radius of the
perturbation was of the order of the horizon scale. If PBHs were created at the radiation
dominated stage, when the cosmological energy density was ρ(t) = 3m2

Pl/(32πt2), and
the horizon was lh = 2t, the mass of such PBHs would be

(4) M(t) = m2
Plt ≃ 4 · 1038

(

t

s

)

g ,

where t is the cosmological time.
The fraction, Ωp, of the cosmological energy density of PBH produced by this mech-

anism depends upon the spectrum of the primordial density perturbations. If the usual
flat Harrison-Zeldovich spectrum is assumed, then Ωp would be quite small. We have
not calculated Ωp but have taken it as a free parameter of the model. One reason for
that is that the spectrum of the density perturbations at small wavelengths is unknown.
Moreover, there could be other mechanisms of PBH formation. In particular, in refs. [8,9]
a model of PBH formation has been proposed which might lead to considerably larger
probability of PBH formation. The mass spectrum of PBHs produced by the latter
mechanism has the log-normal form

(5)
dN

dM
= C exp

[

(M − M0)
2

M2
1

]

,

where C, M0, and M1 are some model-dependent parameters. Quite naturally the central
value of PBH mass distribution may be in the desired range M0 < 109 g. In this model
the value of Ωp may be much larger than in the conventional model based on the flat
spectrum of the primordial fluctuations. We will not further speculate on the value of
Ωp and on the form of the mass spectrum of PBH. In what follows we assume for an
order of magnitude estimate that the spectrum is well localized near some fixed mass
M and that Ωp is an arbitrary parameter. Different mechanisms of PBH production are
reviewed, e.g., in ref. [10].
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The energy density of nonrelativistic PBHs drops down as 1/a3, while the energy
density of the initially dominant relativistic matter drops as 1/a4, where a = a(t) is
the cosmological scale factor. So the relative contribution of PBH into the total energy
density rises as

(6) ΩBH(t) = Ωpa(t)/ap = Ωp(t/tp)
1/2,

here tp = M/m2
Pl is the PBH production time, related to their mass by eq. (4). So initially

ΩBH(t) rises as t1/2 and at some stage it reaches unity and after that ΩBH remains
constant till the PBH evaporation. PBHs would begin to dominate in the cosmological
energy density at t = teq = M(m2

PlΩ
2
p), if teq > τBH , eq. (1). This can be transformed

into the lower limit on the PBH mass:

(7) M > 6 · 10−2

(

Neff

100

)1/2
mPl

Ωp
≃ 10−7 g Ω−1

p .

If condition (7) was fulfilled, the universe expansion regime was initially relativistic,
radiation dominated (RD), then after t = teq it became non-relativistic, matter domi-
nated (MD). Later after PBH evaporation, t > τBH the universe returned to RD stage
again, and only after very long time, t = tLSS ∼ 105 years, the expansion became mat-
ter dominated. After that time the large scale structures (galaxies, their clusters, etc.)
began to form. As is known, cosmological structure formation took place at MD stage,
when initially small primordial density perturbations started to rise due to gravitational
instability. In our case the density perturbations started to rise at t > teq. According to
the theory, at MD stage ∆ ≡ δρ/ρ ∼ a(t), till the perturbations remain small, ∆ ≪ 1.
When ∆ reaches unity, the perturbations quickly rise and as a result they become quite
large, ∆ ≫ 1. In the present day universe ∆ ∼ 105 at the galactic scale.

In our scenario we expect formation of high density clusters of PBHs with density
contrast which rose as ∆(t) = ∆in(t/tin)2/3, where tin ≥ teq is the moment when the
perturbation comes inside the cosmological horizon. The density contrast would reach
unity at t1(tin) such that

(8) ∆[t1(tin)] = ∆in[t1(tin)/tin]2/3 = 1 or t1(tin) = tin∆
−3/2

in .

To this end the PBH lifetime should be longer than t1.

After the density contrast has reached unity, the cluster would decouple from the
general cosmological expansion. In other words, the cluster stopped expanding together
with the universe and, on the opposite, it would begin to shrink when gravity took over
the free streaming of PBHs. So the cluster size would drop down and both nBH and ρb

would rise. The density contrast would quickly rise from unity to ∆b = ρb/ρc ≫ 1, where
ρc and ρb are, respectively, the average cosmological energy density and the density of
PBHs in the cluster (bunch). It looks reasonable that the density contrast of the evolved
cluster could rise up to ∆b = 105–106, as in the contemporary galaxies. After the size
of the cluster stabilized, the number density of PBH, nBH , as well as their mass density,
ρBH , would be constant too. But the density contrast, ∆b would continue to rise as
(t/t1)

2 because ρc drops down as 1/t2. From time t = t1 to t = τBH the density contrast
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would additionally rise by the factor

(9) ∆(τBH) = ∆b

(

τBH

t1

)2

.

This rise is associated with the drop of the average cosmological energy density, ρ ∼ 1/t2,
but not with the absolute rise of δρ. This effect is absent in the present day universe
because the time when ∆ reached unity was close to the present universe age.

GWs could be generated in the processes of PBH scattering in the high density clusters
and, in particular, the GW emission could proceed from the PBH binaries. Both processes
are strongly enhanced in the clusters. The probability of scattering and binary formation
rate are proportional to the square of the number density of PBHs, nBH . However, the
net effect on the cosmological energy density of the emitted GWs is linear in nBH because
it is normalized to the total cosmological energy density.

The cross-section of the graviton bremsstrahlung was calculated in ref. [11] for the
case of two spineless particles (here black holes) with masses m and M under assumption
that m ≪ M . In non-relativistic approximation, the differential cross section is

(10) dσ =
64M2m2

15m6
pl

dξ

ξ

[

5
√

1 − ξ +
3

2
(2 − ξ) ln

1 +
√

1 − ξ

1 −
√

1 − ξ

]

,

where ξ is the ratio of the emitted graviton frequency, ω = 2πf , to the kinetic energy of
the incident black hole, i.e. ξ = 2mω/p2. In what follows we will use this expression for
a simple estimate assuming that it is approximately valid for m ∼ M .

The energy density of gravitational waves emitted at the time interval t and t + dt in
the frequency range ω and ω + dω is given by

(11)
dρGW

dω
= vreln

2
BHω

(

dσ

dω

)

dt ,

where nBH is the number density of PBH and vrel is their relative velocity. The latter is
close to the virial velocity of PBHs in the cluster and can be about 0.1. As noted by the
authors of ref. [11], Weizsäcker-Williams approximation is not valid. This means that
there could be some difference between classical and quantum graviton emission.

The graviton bremsstrahlung proceeded till the PBH evaporation. Hence to find the
total energy of the produced gravitons we need to integrate their energy spectrum over
frequencies and redshift from τBH down to the moment of the cluster formation. Thus
we obtain for the cosmological energy fraction of GWs:

(12) Ω
(brems)
GW (ωmax, τBH) ≈ 16Q

(vrel

0.1

)

(

∆

105

) (

Neff

100

)

(ωmax

M

)

.

Here coefficient Q > 1 reflects the uncertainty in the cross-section due to the unaccounted
for Sommerfeld enhancement [12]. Note that ∆ may be considerably larger than 105.
For the details see ref. [2].

The frequency f∗ of GW produced at time t∗ during PBH evaporation, is redshifted
down to the present day value, f , as

(13) f = f∗

[

a(t∗)

a0

]

= 0.34 f∗
T0

T∗

[

100

gS(T∗)

]1/3

,
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where T0 = 2.725 K is the temperature of the cosmic microwave background radiation at
the present time, T∗ ≡ T (t∗) is the plasma temperature at the moment of radiation of
the gravitational waves, and gS(T∗) is the number of species contributing to the entropy
of the primeval plasma at temperature T∗. It is convenient to express T0 in frequency
units, T0 = 2.7K = 5.4 · 1010 Hz.

The density parameter of the gravitational waves at the present time is related to
cosmological time t∗ as

(14) ΩGW (t0) = ΩGW (t∗)

(

a(t∗)

a(t0)

)4 (

H∗

H0

)2

,

where H0 = 100h0 km/s/Mpc is the Hubble parameter and h0 = 0.74 ± 0.04 [13].
Using expression for redshift (13) and taking the emission time t∗ = τBH we obtain

(15) ΩGW (t0) = 1.67 × 10−5h−2
0

(

100

gS(TBH)

)1/3

ΩGW (τBH) .

Now we find that the total density parameter of gravitational waves integrated up to the
maximum frequency is

(16) h2
0ΩGW (t0) ≈ 0.6 · 10−21 K

(

105 g

M

)2

,

where K is a numerical coefficient:

(17) K =
(vrel

0.1

)

(

∆

105

) (

Neff

100

) (

Q

100

) (

100

gS(TBH)

)1/3

.

Presumably K is of order unity but since ∆ may be much larger than 105, see eq. (9),
K may also be large.

Classical emission of GW at the scattering of non-relativistic bodies is well described
in quadrupole approximation. If the minimal distance between the bodies is larger than
their gravitational radii, the energy of gravitational waves emitted in a single scattering
process is equal to

(18) δEGW =
37π

15

M2m2v

b3m6
Pl

, v ≪ 1 ,

where b is the impact parameter.
The differential cross-section of the gravitational scattering of two PBHs in non-

relativistic regime, q2 ≪ 2M2, is

(19) dσ =
M2

m2
Pl

dq2

q4
=

2M2

m2
Pl

bdb

and the rate of the energy emission by the GWs is given by

(20) dρGW =
74πvrel

15
ρ2

BH

M4

m8
Pl

dω

2π
dt .
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The energy density parameter of GW at the moment of BH evaporation can be obtained
integrating this expression over time and frequency. Thus we obtain

(21) ΩGW (τBH) = 2 · 10−10
(vrel

0.1

)2
(

∆b

105

) (

Neff

100

) (

105 g

M

)

.

If we allow for b ∼ rg, the energy density of GWs at the moment of PBHs evaporation
might be comparable to unity.

Now we can calculate the relative energy density of GWs per logarithmic frequency
interval at the present time:

(22) ΩGW (f ; t0) ≡
1

ρc

dρGW

d ln f
≈ 2.4 · 10−12α′

(

f

GHz

) (

105 g

M

)1/2

,

where α′ is the coefficient at least of order of unity:

(23) α′ =
(vrel

0.1

)

(

∆b

105

) (

Neff

100

)3/2 (

100

gS(TBH)

)1/4

.

It may be much larger, if ∆b ≫ 105.
More efficient mechanism of GW emission may be radiation from the PBH binaries, if

their number in the high density clusters is sufficiently high. To form the binary bound
state PBHs should sufficiently cool down losing their kinetic energy. The cooling could be
achieved by the energy loss to the gravitational wave radiation discussed above and by the
dynamical friction [14]. A particle moving in the cloud of other particles would transfer
its energy to these particles due to their gravitational interaction. However, one should
keep in mind that the case of dynamical friction is essentially different from the energy
loss due to gravitational radiation. In the latter case the energy leaks out of the system
cooling it down, while dynamical friction does not change the total energy of the cluster.
Nevertheless a particular pair of black holes moving toward each other with acceleration
may transmit their energy to the rest of the system and became gravitationally captured
forming a binary.

The dynamical friction time was estimated in ref. [15]. In both cases v > σ and v < σ,
where σ is the velocity dispersion, the characteristic time was of the order of

(24) τDF ≈
( σ

0.1

)3
[

25

ln(10−6/Ωp)

] (

100

Neff

)(

M

1 g

)(

106

∆

)

τBH .

For PBH masses below a few grams dynamical friction would be an efficient mechanism
of PBH cooling leading to frequent binary formation. Moreover, dynamical friction could
result in the collapse of small PBHs into much heavier black hole. Even the whole high
density cluster of PBHs could form a single black hole. These processes of heavier black
hole formation would be accompanied by a strong burst of gravitational radiation.

The emission of GWs from a binary results in the energy loss which is compensated by
a decrease of the radius of the binary and of the rotation period. As a result the system
goes into the so-called inspiral regime. Ultimately the two rotating bodies coalesce and
produce a burst of the gravitational waves. To reach this stage the characteristic time
of the coalescence should be shorter than the lifetime of the system. In our case it is
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the lifetime of PBH with respect to the evaporation. The coalescence time of the binary
made of two BH with masses M1 and M2 can be easily calculated, see, e.g., book [16]:

(25) τco =
5R4

0 m6
Pl

256M1M2(M1 + M2)
,

where R0 is the initial radius of the binary. This result is true for a circular orbit of the
binary. In the case of elliptic orbit the eccentricity drops down due to GW emission and
the system approaches to the circular one. We may use eq. (25) for an order of estimate
of the lifetime of the binary.

There are two interesting limiting cases, when τco ≫ τBH and vice versa. In the first
case the stationary orbit approximation is valid and each binary emits GWs with fixed
frequency equal to twice the orbital frequency and the frequency spectrum is determined
by the distribution of the binaries on their radius. As is shown in ref. [2], if the stationary
regime was realized, the spectral density parameter today would be:

(26) Ω
(stat)
GW (f ; t0) ≈ 10−8ǫ

[

Neff

100

]2/3 [

100

gS(T (τBH))

]1/18 [

M

105 g

]1/3 [

f

GHz

]10/3

,

where ǫ is the fraction of binaries with respect to the total number of PBHs in the cluster
and gS(T (τBH)) is the number of the entropy degrees of freedom at the moment of PBH
evaporation when the plasma temperature was equal to T (τBH). Here the possibly weak
redshift dilution of GWs by the factor (τco/τBH)2/9 is neglected.

If the system goes to the inspiral phase, then we would expect today a continuous
spectrum in the range from fmin ∼ 107 Hz to fmax ∼ 3 ·1014 Hz. However if we take into
account the redshift of the early formed binaries from the moment of their formation to
the PBH decay, the lower value of the frequency may move to about 1 Hz.

PBHs could also directly produce gravitons by evaporation. The total energy emitted
by BH per unit time and frequency ω (energy) of the emitted particles, is approximately
given by the equation (see, e.g., book [17]):

(27)

(

dE

dtdω

)

=
2Neff

π

M2

m4
Pl

ω3

eω/TBH − 1
,

where T is the BH temperature (2). Due to the impact of the gravitational field of BH
on the propagation of the evaporated particles, their spectrum is distorted [4] by the
so-called grey factor g(ω), but we disregard it in what follows.

The frequency spectrum of the evaporated gravitons is not thermal because of the
different redshifts in the course of the evaporation. According to the calculations of
ref. [2] the spectral density parameter of GWs at t = τBH is equal to

(28) ΩGW (ω∗; τBH) ≈
2.9 · 103M4ω4

∗

π m8
Pl

I

(

ω∗

TBH

)

,

where

(29) I

(

ω∗

TBH

)

=

∫ zmax

0

dz (1 + z)
1/2

exp [(z + 1)ω∗/TBH ] − 1
,
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and

(30) 1 + zmax =

(

τBH

teq

)2/3 (

teq

tp

)1/2

=

(

32170

Neff

)2/3 (

M

mPl

)4/3

Ω1/3
p .

With respect to the thermal spectrum, spectrum (28) has more power at small frequencies
due to redshift of higher frequencies into lower band and less power at high ω∗.

The spectral density of the evaporated gravitons today would be

(31) ΩGW (f ; t0) = 2.7 · 10−27

(

Neff

100

)2 (

105 g

M

)2 (

f

1010 Hz

)4

· I
(

2π · f
T0

)

,

where T0 is the BH temperature redshifted to the present time:

(32) T0 = 4.5 · 1015 Hz

(

100

gS(TBH)

)1/12 (

100

Neff

)1/2 (

M

105 g

)1/2

.

The mechanisms of GWs generation considered here could create quite high cosmolog-
ical fraction of the energy density of the relic gravitational waves at very high frequencies.
Unfortunately at the lower part of the spectrum ΩGW significantly drops down making
such GWs outside the reach of LISA or LIGO. Still the planned interferometers DE-
CIGO/BBO and detectors based on the resonance graviton-photon transformation could
be sensitive to the predicted high-frequency GWs.
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Summary. — Recent discussion on the possibility to obtain more stringent bounds
on neutrino magnetic moment has stimulated new interest to possible effects induced
by neutrino magnetic moment. In particular, in this paper after a short review on
neutrino magnetic moment we re-examine the effect on plasmon mass on neutrino
spin light radiation in dense matter. We track the entry of the plasmon mass
quantity in process characteristics and found out that the most substantial role
it plays is the formation of the process threshold. It is shown that far from this
point the plasmon mass can be omitted in all the corresponding physical quantities
and one can rely on the results of massless photon spin light radiation theory in
matter.

PACS 13.15.+g – Neutrinos interactions.
PACS 95.30.Cq – Elementary particles processes.

1. – Neutrino magnetic moment

Neutrino magnetic moments are no doubt among the most well theoretically under-
stood and experimentally studied neutrino electromagnetic properties [1, 2].

As it was shown long ago [3], in a wide set of theoretical frameworks neutrino magnetic
moment is proportional to the neutrino mass and in general very small. For instance, for
the minimally extended Standard Model the Dirac neutrino magnetic moment is given

(∗) E-mail: studenik@srd.sinp.msu.ru

c© Società Italiana di Fisica 57
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by [3]

(1) µii =
3eGF

8
√

2π2
mi ≈ 3.2 · 10−19

( mi

1 eV

)

µB .

At the same time, the magnetic moment of hypothetical heavy neutrino (with mass
me ≪ mW ≪ mν) is µν = eGF mν

8
√

2π2
[4]. It should be noted here that much larger values

for the neutrino magnetic moments are possible in various extensions of the Standard
Model (see, for instance, in [1]).

Constraints on the neutrino magnetic moment can be obtained in ν − e scattering
experiments from the observed lack of distortions of the recoil electron energy spectra.
Recent reactor experiments provide us with the following upper bounds on the neutrino
magnetic moment: µν ≤ 9.0 × 10−11µB (MUNU Collaboration [5]), µν ≤ 7.4 × 10−11µB

(TEXONO Collaboration [6]). The GEMMA Collaboration has obtain the world best
limit µν ≤ 3.2 × 10−11µB [7]. Another kind of neutrino experiment Borexino (solar
neutrino scattering) has obtained rather strong bound: µν ≤ 5.4 × 10−11µB [8]. The
best astrophysical constraint on the neutrino magnetic moment has been obtained from
observation of the red giants cooling µν ≤ 3 × 10−12µB [9].

As it was pointed out above the most stringent terrestrial constraints on a neutrino
effective magnetic moments have been obtained in (anti)neutrino-electron scattering ex-
periments and the work to attain further improvements of the limits is in process. In
particular, it is expected that the new bound on the level of µν ∼ 1.5 × 10−11µB can be
reached by the GEMMA Collaboration in a new series of measurements at the Kalinin
Nuclear Power Plant with much closer displacements of the detector to the reactor that
can significantly enhance the neutrino flux (see [7]).

An attempt to reasonably improve the experimental bound on a neutrino magnetic
moment was undertaken in [10] where it was claimed that the account for the electron
binding effect in atom can significantly increase the electromagnetic contribution to the
differential cross section with respect to the case when the free-electron approximation
is used in calculations of the cross section.

However, as it was shown in a series of papers [11-13] the neutrino reactor experiments
on measurements of neutrino magnetic moment are not sensitive to the electron binding
effect, so that the free-electron approximation can be used for them.

2. – Magnetic moment and neutrino propagation in matter

One may expect that neutrino electromagnetic properties can be much easier visual-
ized when neutrino is propagating in external magnetic fields and dense matter. Also,
neutrino propagation in matter is a rather longstanding research field nevertheless still
having advances and obtaining a lot of interesting predictions for various phenomena.

The convenient and elegant way for description of neutrino interaction processes in
matter has been recently offered in a series of papers [14, 15]. The developed method is
based on the use of solutions of the modified Dirac equation for neutrino in matter in
Feynman diagrams. The method was developed before for studies of different processes
in quantum electrodynamics and was called as “the method of exact solutions” [16].
The gain from the introduction of the method was sustained by prediction and detailed
quantum description of the new phenomenon of the spin light of neutrino in matter
(the SLν), first predicted in [17] within the quasi-classical treatment of neutrino spin
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evolution. The essence of the SLν is the electromagnetic radiation in neutrino transition
between two different helicity states in matter.

The simplification of the process framework, such as use of the uniform, unpolarized
and non-moving matter, neglect of the matter influence on the radiated photon, makes
the estimate of real-process relevance in astrophysical settings far from the practical
scope. In this short paper we should like to make a step towards the completeness of
the physical picture and to consider the incomprehensible at first glance question of the
plasmon mass influence on the SLν. The importance of plasma effects for the SLν
in matter was first pointed out in [14]. The investigations already carried out in this
area [18] indicated that the plasmon emitted in the SLν has a considerable mass that
can affect the physics of the process. However the calculation method used there does
not lead to the direct confrontation of the results [18] with the analogous ones for the
SLν [14].

To see how the plasmon mass enters the SLν quantities we appeal to the method of
exact solutions and carry out all the computations relevant to the SLν. In this respect,
in order to have the conformity we also set all the conditions for the task the same as for
corresponding studies on the SLν. In particular, we consider only the Standard Model
neutrino interactions and take matter composed of electrons.

In the exact solutions method, one starts with the modified Dirac equation for the
neutrino in matter in order to have initial and final neutrino states, which would enter
the process amplitude. The equation reads as follows [14]:

(2)

{

iγµ∂µ − 1

2
γµ(1 + γ5)fµ − m

}

Ψ(x) = 0,

where in the case of neutrino motion through the non-moving and unpolarized matter
fµ = Gf/

√
2 (n,0) with n being matter (electrons) number density. Under these con-

ditions eq. (2) has a plane-wave solution determined by 4-momentum p and quantum
numbers of helicity s = ±1 and sign of energy ε = ±1. For the details of equation
solving and exact form of the wave functions Ψε,p,s(r, t) the reader is referred to [14]
and [15], here we cite only the expression for the neutrino energy spectrum:

(3) E = ε
√

(p − sñ)2 + m2
ν + ñ, ñ =

1

2
√

2
GF n.

The S-matrix of the process involves the usual dipole electromagnetic vertex Γ =
iω{[Σ×κ]+ iγ5

Σ} and for given spinors for the initial and final neutrino states ui,f can
be written as

(4) Sfi = −(2π)4µ

√

π

2ωL3
δ(E2 − E1 + ω)δ3(p2 − p1 + k)uf (e,Γfi)ui.

Here e is the photon polarization vector, µ is the transitional magnetic moment and L
is the normalization length. The delta-functions before spinors convolution part lead to
the conservation laws

(5) E1 = E2 + ω; p1 = p2 + k,
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with energies for the initial and final neutrinos E1,2 taken in accordance to (3). For
the photon dispersion, for the purpose of our study it is sufficient to use the simplest
expression

(6) ω =
√

k2 + m2
γ .

As it was discussed in our previous studies on the SLν [14, 15] the most appropriate
conditions for the radiation to manifest its properties are met in dense astrophysical
objects. This is the setting we will use further for the process and in the case of cold
plasma the plasmon mass should be taken as

(7) mγ =
√

2α(3
√

πn)1/3.

The numerical evaluation at typical density gives mγ ∼ 108 eV, while the density param-
eter ñ ∼ 104 eV.

3. – Plasmon mass influence

Let us now consider the influence of dense plasma on the process of spin light of
neutrino. Similarly to the original spin light calculation we consider the case of initial
neutrino possessing the helicity quantum number s1 = −1 and the corresponding final
neutrino helicity is s2 = 1. Using the neutrino energies (3) with corresponding helicities
one can resolve eqs. (5) in relation to plasmon momentum which is not equal to its energy
since we take into account the dispersion of the emitted photon in plasma (6).

For convenience of calculations it is possible to use the following simplification. In
most cases the neutrino mass appeared to be the smallest parameter in the considered
problem and it is several orders smaller than any other parameter in the system. So we
could first examine our process in approximation of zero neutrino mass, though we should
not forget that only neutrino with non-zero mass could naturally possess the magnetic
moment. This our simplification should be considered only as a technical one. It should
be pointed here that in order to obtain the consistent description of the SLν one should
account for the effects of the neutrino mass in the dispersion relation and the neutrino
wave functions.

From the energy-momentum conservation it follows [18] that the process is kinemat-
ically possible only under the condition (taking account of the above-mentioned simpli-
fication)

(8) ñp >
m2

γ

4
.

Provided with the plasmon momentum we proceed with calculation of the SLν radi-
ation rate and total power. The exact calculation of total rate is an intricate problem
and the final expression is too large to be presented here. However one can consider the
most notable ranges of parameters to investigate some peculiarities of the rate behavior.

First of all we calculate the rate for the case of the SLν without plasma influence. This
can be done by choosing the limit mγ → 0 and the obtained result is in full agreement
with [14]

(9) Γ = 4µ2ñ2(ñ + p).
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From (9) one easily derives the SLν rate for two important cases, i.e. high and ultra-high
densities of matter just by choosing correspondingly p or ñ as the leading parameter in
the brackets. While neutrino mass is the smallest quantity, our system falls within the
range of relativistic initial neutrino energies.

The corresponding expression for the total power also covers high and ultra-high
density cases [14] as well as the intermediate area where the density parameter and the
neutrino momentum are comparable:

(10) I =
4

3
µ2ñ2(3ñ2 + 4pñ + p2).

If we account for the plasma influence (thus, mγ 	= 0) on the SLν we can discuss two
important situations. One is the area of parameters near the threshold, and the other is
connected with direct contribution of mγ into the radiation rate expression. The latter
case is particularly important for this study, because it fulfills the aim of the present
research in finding the conditions under which the plasmon mass cannot be neglected.

For physically reliable conditions the density parameter usually appears to be less than
the plasmon mass, which in its turn is less than the neutrino momentum: ñ ≪ mγ ≪ p.
Obviously the threshold condition (8) should be satisfied. As we consider the conditions
similar to different astrophysical objects it is natural to use high-energy neutrino.

Using the series expansion of the total rate one could obtain the rate of the process
in the following form:

(11) Γ = 4µ2pñ2(1 + 6λ + 4λ lnλ),

where λ =
m2

γ

4ñp < 1. Approaching the threshold (λ → 1), expansion (11) becomes
inapplicable, however it is correct in a rather wide range of parameters with mγ ≪ p and
ñ ≪ p. Near the threshold the total rate can be presented in the form Γ ∼ (1 − λ) but
the exact coefficient is too unwieldy to be presented here.

Concerning the power of the SLν with plasmon, one can use the expansion

(12) I =
4

3
µ2p2ñ2

(

1 − 6λ − 57λ
ñ

p
− 12λ

ñ

p
lnλ

)

.

Expression (12) is correct only if the system meets the requirement λ ≪ 1. Otherwise

one should use higher orders of quantity
m2

γ

p in the expansion to achieve a reliable value
of intensity. Near the threshold the power has the same dependence on the “distance”
from the threshold (1 − λ) as the rate of the process.

4. – Conclusion

There is an increasing interest to neutrino electromagnetic properties and neutrino
magnetic moments in particular. This interest is stimulated, first by the progress in
experimental bounds on magnetic moments which have been recently achieved, as well
as theoretical predictions of new processes emerging due to neutrino magnetic moment,
such as the SLν and a belief in its importance for possible astrophysical applications.

Further developing the theory of the spin light of neutrino, we have explicitly shown
that the influence of plasmon mass becomes significant (see (11) and (12)) when the



62 A. V. GRIGORIEV, A. V. LOKHOV, A. I. STUDENIKIN and A. I. TERNOV

parameter λ is comparable with 1, this corresponds to the system near the threshold. As
soon as the quantity λ ≪ 1 (so the system is far from the threshold) one can use either
SLν radiation rate and total power from [14] or their rather compact generalizations (11)
and (12) where the plasmon mass is accounted for as a minor adjustment.

Since high energy neutrinos propagating in matter could be a rather typical situa-
tion in astrophysics, for instance in neutron stars, the influence of photon dispersion in
plasma on the SLν process can be neglected and the threshold generated by the non-zero
plasmon mass should not be taken into account. However, the method of exact solutions
of modified Dirac equation provides us with analytical expressions for probability and
intensity in the whole range of possible parameters.
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Summary. — During its first three years of operation, the Fermi γ-ray Space

Telescope has provided an unprecedented view of the high energy γ-ray sky, and also
performed direct measurements of the cosmic-ray leptons and searches for signals
from dark matter. In this paper we present a short overview of some highlight
results, shedding new light on the high-energy side of the Universe.

PACS 95.85.Pw – γ-ray.
PACS 98.70.Sa – Cosmic rays (including sources, origin, acceleration, and interac-
tions).
PACS 95.35.+d – Dark matter (stellar, interstellar, galactic, and cosmological).

1. – The Fermi γ-ray Space Telescope: an observatory of the high-energy

Universe

Radiation in the γ-ray domain is a privileged messenger of high-energy processes

taking place in our Universe. Contrary to charged cosmic rays (CRs), which are deflected

by magnetic fields and rapidly loose memory of their sources, γ-rays carry directional

information. Compared to neutrinos or gravitational waves they are easier to detect

thanks to their larger interaction probabilities.

Designed to survey the γ-ray sky in the broad energy range from 20 MeV to more

than 300 GeV, with the additional capabilities of studying transient phenomena at lower

energies and charged species, notably leptons, from GeV to TeV energies, the Fermi

γ-ray Space Telescope(1) is the premier space-borne γ-ray observatory of this decade.

Fermi carries two instruments on-board: the γ-ray Burst Monitor (GBM) [1] and

the Large Area Telescope (LAT) [2]. The GBM, sensitive in the energy range between

8 keV and 40 MeV, is designed to observe the full unocculted sky with rough directional

capabilities (at the level of one to a few degrees) for the study of transient sources,

particularly γ-Ray Bursts (GRBs). The LAT is a pair conversion telescope for photons

above 20 MeV up to a few hundreds of GeV.

(1) Formerly γ-ray Large Area Space Telescope, GLAST.
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1
.
1. The LAT instrument and its performance. – The LAT is a 4×4 array of identical

towers, each one made by a tracker-converter module (hereafter tracker) and a calorime-

ter module. A segmented anti-coincidence detector (ACD) covers the tracker array and

a programmable trigger and data acquisition system completes the instrument. Though

owing most of the basic design to its predecessors—particularly the Energetic γ-Ray Ex-

periment Telescope (EGRET) [3] on-board the CGRO mission—the LAT exploits the

state of the art in terms of detector technology, which allows for a breakthrough leap in

the instrument performance.

Each tracker module features 16 tungsten layers, promoting the conversion of γ-rays

into e+/e− pairs, and 18 x-y pairs of single-sided silicon strip detector planes—for a

total of 1.5 radiation lengths of material on-axis. The silicon-sensor technology allows

precise tracking (with no detector-induced dead time and no use of consumables) and

the capability to self-trigger.

Each calorimeter module consists of 96 CsI(Tl) crystals, arranged in a hodoscopic

configuration (for a total depth of ∼ 8.6 radiation lengths on axis). The calorimeter

provides an intrinsically three-dimensional image of the shower development, which is

crucial both for the energy reconstruction (especially at high-energy, where a significant

part of the shower can leak out of the back of the instrument) and for background

rejection.

The anti-coincidence detector, a set of plastic scintillators surrounding the tracker,

is the first defense of the LAT against the overwhelming background due to charged

CRs. In order to limit the “self-veto” effect—due to the back-splash of secondaries from

high-energy particles hitting the calorimeter—it is segmented in 89 tiles providing spatial

information that can be correlated with the signal from the tracker and the calorimeter.

The design, construction and operation of such a complex detector is a fascinating

subject on its own and the interested readers can refer to [2] and references therein for

further details. The LAT largely surpasses the previous generations of γ-ray telescopes

in terms of effective area, energy range, instrumental dead time, angular resolution and

field of view (2.5 sr). It has the ability to observe 20% of the sky at any time which, in

the nominal scanning mode of operation, enables it to view the entire sky every three

hours.

1
.
2. Outline. – With the observatory being well into the third year of sky survey, this

paper is a short overview of the most important Science highlights, chosen in considera-

tion of the interests of the audience and presented by the authors in two review talks at

the XXV Rencontres de Physique de La Vallée d’Aoste.

Section 2 presents a short overview of the high-energy γ-ray sky unveiled by the

Fermi observatory. The different γ-ray sources are examined to understand the non-

thermal processes leading to the production of high-energy particles, and also to view

them in relation to other messengers such as charged CRs, neutrinos and gravitational

waves. Then, sect. 3 is devoted to the search for dark matter (DM) signals in γ-rays

with the LAT. Finally, sect. 4 summarizes the experimental advances due to the LAT in

the measurement of the leptonic component of the cosmic radiation, and its implications

in the light of results from other experiments.

2. – The high-energy γ-ray sky seen by Fermi

The sky in high-energy γ-rays is dominated by diffuse emission: more than 70% of

the photons detected by the LAT are produced in the interstellar space of our Galaxy
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Fig. 1. – Skymap showing the positions of the 1451 1FGL sources [4] (Aitoff projection in
Galactic coordinates). The different markers correspond to the association at other wavelengths
most likely for each source.

by interactions of high-energy CRs with matter and low-energy radiation fields. An

additional diffuse component with an almost isotropic distribution, and therefore thought

to be extragalactic in origin, accounts for another sizable fraction of the LAT photon

sample. The rest consists of sources detected by the LAT from a variegate zoo of objects

including Active Galactic Nuclei (AGN) and normal galaxies, pulsars and their relativistic

wind nebulae, globular clusters, binary systems, shock-waves remaining from supernova

explosions and nearby solar-system bodies like the Sun and the Moon.

A major step forward in the understanding of the γ-ray sky was given by the first LAT

source Catalog (1FGL) [4], based on the first 11 months of data, which is summarized

by fig. 1. The LAT increased the number of known γ-ray sources from a few hundred to

1451, including new classes of objects like globular clusters and starburst galaxies. The

mystery of the unassociated γ-ray sources, which comprise 630 out of the 1451 sources in

the 1FGL sample, continues to puzzle astrophysicists. The second LAT source Catalog,

based on two years of data and improved detection methods, will be released soon.

Compared to what is known at longer wavelengths, a characteristic feature of the γ-ray

sky is its rapid variability over timescales from a few seconds to months. In addition to

transients known for decades like γ-ray bursts and flares from AGN, the LAT observed

unexpected phenomena like γ-ray emission from the nova in the symbiotic binary V407

Cygni [5] and variability from the Crab nebula [6].

2
.
1. γ-ray bursts. – The mysterious explosions known as γ-ray bursts (GRBs), which

episodically outshine for a few seconds to minutes any other sources in the γ-ray sky,

have intrigued scientists since their discovery in the ’60s. There is currently a large

consensus that they are produced by a release of gravitational energy (of the order of

one rest solar mass) over a very short time interval (of the order of 1 s) within a very

compact region (of the order of 10 km) by a cataclysmic event, either the collapse of a

massive-star core into a black hole (long GRBs) or by the merging of two compact objects
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(short GRBs). This energy release would mostly result in a burst of thermal neutrinos

and perhaps gravitational waves, but also in a very high temperature fireball expanding

at highly relativistic speed which would undergo energy dissipation, producing, among

other particles, γ-rays and later developing into a blastwave which would decelerate

against the external medium and give rise to the afterglow observed in γ-rays and at

longer wavelengths. The explosions producing GRBs are among the few phenomena

sufficiently energetic to contribute to the acceleration of CRs across the whole observed

energy spectrum.

Observations indicate that GRBs are distributed isotropically in the sky and that

those which have known redshift are located at cosmological distances. Fermi, with

the LAT and the GBM, observes GRBs over 6 orders of magnitude in photon energy:

it was therefore expected to shed light on some fundamental aspects of GRB Physics,

including the origin of the energy and the mechanism by which it is transported, the

γ-ray emission mechanism and the level of collimation (isotropic emission would require

an unrealistic energy release). The GBM has, so far, observed a few hundred GRBs,

of which a few tens were detected also by the LAT. The improved performance of the

LAT, especially at energies > 10 GeV, led, for some bursts, to the measurement of a

hard spectral component in addition to the standard Band component, e.g. [7], or of

high-energy afterglows, e.g. [8].

The highest energy photon ever recorded from a burst was detected at ∼ 31 GeV

from GRB 090510 [9] at a redshift z = 0.903. In simple radiation models such as that

described in [10], the temporal structure of the burst requires, in order to lower the

internal opacity due to γ-γ interactions, bulk Lorenz factors larger than a few hundreds.

High-energy photons traveling over cosmological distances are also a powerful tool to

probe for a possible breaking of Lorenz invariance. Assuming that a photon of energy

E is delayed by ∆t = E/(MLIV c2), where MLIV sets the scale of the Lorenz invariance

violation, the temporal structure of GRB 090510 implies MLIV > 1.19MPlanck [9].

2
.
2. Active Galactic Nuclei . – The largest class of associated sources in the LAT

Catalog corresponds to AGN [4, 11]. High-energy emission from AGN is thought to

be powered by the accretion of matter onto a super-massive black hole. In a process

not fully understood yet, this produces a jet of relativistic particles that shoots away

from the central engine. There are, however, pending questions, including the emission

mechanism which produces the observed γ-ray emission and the region where this process

takes place. There is not even a consensus on the nature of the particles carrying the

energy which is radiated in γ-rays, either leptons or nucleons. In the latter case AGN

are promising neutrino sources. There is also a suggestive correlation measured by the

Auger observatory between the arrival directions of ultra-high energy CRs and nearby

AGN [12], which might be their primary sources.

Thanks to the improved angular resolution of the LAT, Centaurus A has become the

first AGN ever resolved in high-energy γ-rays; the γ-ray flux is almost equally divided

between the core of the Galaxy and the lobes, which are flooded by electrons of energies

up to 1 TeV, accelerated directly in the lobes or efficiently transported from the core [13].

A γ-ray flare from the AGN 3C279, associated with a change in the optical polarization

angle, proved that, in this object, the regions of γ-ray and optical emission are co-

located; the change in optical polarization implies a non-axisymmetric magnetic field

and a distance of the emitting material from the central engine > 105 gravitational

radii [14].
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2
.
3. Pulsars and pulsar wind nebulae. – Pulsars, i.e. highly-magnetized rotating neu-

tron stars emitting periodic spikes of electromagnetic radiation, were the first class of

identified γ-ray sources. The LAT brought the number of known γ-ray pulsars from 6

to > 70 and further new discoveries are foreseen. In addition to young radio pulsars

discovered in γ-rays thanks to the rotational properties measured by radio astronomers,

the LAT discovered two new pulsar populations:

– γ-ray selected pulsars found without any prior knowledge about their pulsation [15];

some of them did not reveal, so far, any radio emission, suggesting that the γ-ray

beams may be broader than those at longer wavelengths;

– millisecond pulsars [16], i.e. older pulsars with weaker surface magnetic fields, which

were spun up to higher velocities by accreting material from a companion object

in a binary system.

There is a large consensus that the radiation is mostly due to interactions of leptons

accelerated at large magnetic-field strengths. The properties illustrated in the first LAT

pulsar Catalog [17] suggest that γ-ray emission largely arises from the outer magneto-

sphere of the neutron stars rather than the region near the magnetic poles as previously

proposed by several authors.

Most of the energy lost by pulsars while spinning down goes into the production

of a pulsar wind, and its termination shock further accelerate particles, primarily elec-

trons, which produce a pulsar wind nebula (PWN). Pulsars and their wind nebulae might

therefore significantly contribute to the leptonic fraction observed in cosmic rays. The

enhanced sensitivity of the LAT enabled, so far, the detection of γ-ray emission from

three PWNe, namely the Crab Nebula, Vela X and MSH 15−52 [18]. The LAT detected

a surprising day-scale variability from the Crab nebula [6]: this was interpreted as syn-

chrotron emission from an electron population reaching PeV energies in a region within

17 light days of the neutron star, i.e. at the termination shock of the pulsar wind.

2
.
4. Supernova remnants . – Shock-waves produced by supernova explosions have long

been considered the most likely candidates for the parent source population of Galactic

CRs, since, except for GRBs, they are the only objects sufficiently energetic to explain

the CR fluxes observed at the Earth. Diffusive shock acceleration in supernova remnants

(SNR) provides a plausible mechanism to sustain Galactic CRs. While multiwavelength

spectra of SNRs undoubtedly prove the presence of high-energy electrons in the expanding

shock-waves, only indirect evidence points to the acceleration of nuclei. In the future,

the detection of high-energy neutrinos might be the smoking gun of hadron acceleration.

γ-ray observations are an important probe of non-thermal particles in SNR shock-

waves. The improved angular resolution of the LAT enabled us to spatially resolve some

SNRs, e.g., W44 [19], and to verify that γ-ray emission is associated with the shock

region. The dominant class of LAT detected SNRs, like W44, are middle-aged SNRs

(with ages of the order of 104 years) showing interactions with molecular clouds. Their

broad-band spectrum is better reproduced by assuming that the γ-radiation is mostly

produced by nucleon-nucleon inelastic collisions, as shown for W51 in fig. 2. Middle-

aged SNRs detected by LAT show a steep spectrum above a few GeV; on the other

hand, young SNRs (ages of a few thousand years), where efficient particle acceleration

is thought to occur, show in the LAT energy band hard spectra which connect with the

TeV emission detected by ground-based instruments.
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Fig. 2. – Broad-band spectral energy distribution of SNR W51 compared with different emission
models [20]. The spectrum combines LAT measurements from 200 MeV to 50 GeV, with TeV
measurements by the HESS telescope and radio measurements of synchrotron emission from
relativistic electrons. Model (a) corresponds to the case of efficient nuclei acceleration (where
the γ-ray emission is dominated by π

0 decay), models (b) and (c) two different cases of inefficient
nuclei acceleration, where γ-ray emission is dominated by bremmstrahlung and inverse-Compton
scattering, respectively.

2
.
5. Galactic interstellar emission. – Galactic interstellar emission is produced by CR

interactions, via nucleon-nucleon inelastic collisions (through π0 production and decay)

and via electron bremmstrahlung and inverse-Compton scattering. It is therefore, to-

gether with synchrotron radiation from electrons at radio wavelengths, the only probe

of CRs on the Galactic scale, beyond direct measurements performed in the solar sys-

tem and at its outer frontiers. Previous measurements showed an excess at energies

� 1 GeV with respect to expectations based on the directly measured CR spectra [21],

attributed either to CR spectral variations, instrumental effects or contributions from

exotic phenomena.

The LAT measured the γ-ray emission from the nearby interstellar space and found

that its spectrum is softer than previous measurements [22], in good agreement within

10% with production by CRs with a spectrum consistent with that directly measured

near the Earth [22,23]. The LAT is currently investigating, through interstellar emission

observations, the distribution of CRs at large in the Galaxy. LAT observations reinforced

the so-called CR gradient problem, with the measurement of CR densities larger than

expected toward the outer Galaxy, where the putative sources, SNRs, rapidly drop off [24,

25]; this might be related to some poorly-constrained aspects in the propagation of

particles (e.g., a large diffusion halo, anisotropic diffusion or convection) or to large

masses of target gas escaping our observations or, less likely, to unknown accelerators.
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Fig. 3. – γ-ray luminosity as a function of star-formation rate for some galaxies observed by the
LAT [29].

The ongoing modeling of large-scale properties of interstellar γ-ray emission in the light

of LAT data [26] and the studies of other selected region will deepen our understanding

of particle propagation in the Galaxy in the near future.

2
.
6. External galaxies. – High-energy γ-ray emission from non-active external galaxies,

highlighting different emitting CR populations, is regarded as the main piece of evidence

that CRs below 1015 eV are Galactic in origin. The only non-AGN galaxy detected before

the LAT era was the nearby Large Magellanic Cloud. The LAT has so far detected γ-ray

emission from galaxies of the local group, the two Magellanic clouds [27, 28] and the

Andromeda galaxy [29], and from some nearby starburst galaxies [30].

Thanks to the improved angular resolution of the LAT, the Large Magellanic Cloud

was the first external galaxy ever resolved in high-energy γ-rays [27], leading to the first

map of CR acceleration and propagation in a galaxy. The γ-ray emission correlates with

massive-star formation rather than interstellar gas. This reinforces the idea that the

energy for accelerating CRs in galaxies is provided by massive stars, thanks to the catas-

trophic explosions taking place at the end of their lives and, perhaps, to the collective

action of stellar winds in massive-star clusters. On the other hand, the lack of correla-

tion with the distribution of gas would require propagation lengths shorter than usually

assumed in the Milky Way.

The link between the acceleration of particles and massive stars is further supported

by the correlation found between the γ-ray luminosity and the massive-star formation

rate, see fig. 3. This correlation is not fully understood yet, but might be analogous to

the correlation found between radio and infrared luminosities of galaxies. An enlarged

sample of external galaxies studied by the LAT will allow us to use this correlation to

evaluate the contribution by unresolved non-active galaxies to the isotropic diffuse γ-ray

emission.

2
.
7. The isotropic diffuse γ-ray emission. – The LAT measured the spectrum of the

isotropic diffuse γ-ray emission and found it to be consistent with a featureless power low

of index ∼ 2.4 in the energy range 200 MeV–100 GeV [31]. This is expected to be largely
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due to populations of unresolved extragalactic sources. The population synthesis of AGN

detected by the LAT (see subsect. 2
.
2) constrains their contribution to be < 30% [32].

The contribution from non-active galaxies is under evaluation, for the first time based not

only on theoretical models but also on a sample detected by the LAT (see subsect. 2
.
6).

Yet, at present there is still room for truly diffuse extragalactic emission, which can be

due to many different processes, like large-scale structure formation, interactions of ultra-

high-energy CRs with the extragalactic low-energy background radiation, annihilation or

decay of cosmological DM, e.g., [33]. On the other hand, interactions of CRs with debris

at the outer frontier of the solar system might partially contribute to the spectrum of

the isotropic diffuse emission [34].

3. – Indirect Dark Matter searches in γ-rays

One of the major open issues in our understanding of the Universe is the existence

of an extremely-weakly interacting form of matter, DM, supported by a wide range of

observations including large scale structures, the cosmic microwave background and the

isotopic abundances resulting from the primordial nucleosynthesis. Complementary to

direct searches being carried out in underground facilities and at accelerators, the indirect

search for DM is one of the main items in the broad Fermi Science menu.

The word “indirect” denotes here the search for signatures of Weakly Interactive

Massive Particle (WIMP) annihilation or decay processes through the final products

(γ-rays, electrons and positrons, antiprotons) of such processes. Among many other

ground-based and spaceborne instruments, the LAT plays a prominent role in this search

through a variety of distinct search targets: γ-ray lines, Galactic and isotropic diffuse γ-

ray emission, dwarf satellites, CR electrons and positrons (for the latter item see sect. 4).

3
.
1. γ-ray lines. – The quest for a possible narrow line in the diffuse γ-ray emission

arises naturally since photons can be produced in two-body DM particle annihilations

χχ → γX or decays χ → γX. Since, in most scenarios, DM particles are electrically

neutral (and therefore do not couple directly to photons) such processes only occur at

high orders and the branching ratios are expected to be strongly suppressed. Despite the

subsequent weakness, a photon line, if present, is easy to identify and distinguish from

the standard astrophysical sources of γ rays—whose flux is dominant in most situations.

Therefore, this discovery channel features a distinctive experimental signature that, if

observed, would incontrovertibly indicate new physics at work.

The detector response to a monochromatic line is not a monochromatic line and the

effect of the finite energy resolution cannot be ignored. The response can be modeled

by means of Monte Carlo simulations (see the insert in fig. 4) and verified with tests at

accelerators so that it can be effectively folded into the procedure and used to asses the

statistical significance of a possible line component in the measured count spectra.

No significant evidence of γ-ray line(s) has been found in the first 11 months of data,

between 30 and 200 GeV [35] and work is ongoing to extend the energy range of the

analysis and include more data. The detailed discussion of the upper limits obtained

and their relevance in the context of specific DM models is beyond the scope of this brief

overview.

3
.
2. DM signals from the Galactic halo. – The Milky Way halo and the Galactic center

are obvious candidates for indirect dark matter searches in γ-rays: given the large DM

content, a large annihilation signal can be potentially expected. The main challenge is
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Fig. 4. – (Colour on-line) Binned representation of the fit procedure (here centered at 40 GeV)
used to derive the upper limit on the flux of a possible photon line contribution in the all-sky
(except for part of the Galactic plane) spectrum (from [35]). The two dotted lines represent the
background (modeled with a power law) and the signal from the fit, respectively, while the red
line is their sum. The insert shows a close-up of the instrument response to a monochromatic
line at 40 GeV, which is used to model the signal.

presented by the strong γ-ray foreground comprising the Galactic diffuse emission (cfr.

sect. 2
.
5). Indeed, the detailed modeling of this foreground is currently the main limiting

factor for DM searches in this channel.

In the case of the Galactic center a firm assessment of the conventional astrophysical

signals is furthermore complicated by the problem of source confusion, due to the limited

angular resolution of the instrument, and of pile-up along the line of sight.

3
.
3. Dwarf galaxies. – Dwarf satellites of the Milky Way are among the cleanest

targets for indirect dark matter searches in γ-rays. They are systems with a very large

mass/luminosity ratio (i.e. systems which are largely DM dominated). The LAT detected

no significant emission from any of such systems and the upper limits on the γ-ray flux

allowed us to put very stringent constraints on the parameter space of well motivated

WIMP models [36].

A combined likelihood analysis of the 10 most promising dwarf galaxies, based on

24 months of data and pushing the limits below the thermal WIMP cross section for

low DM masses (below a few tens of GeV), is currently under preparation and will be

published soon.

4. – Direct cosmic-ray measurements

The electron component of the primary CR radiation is widely recognized as a unique

probe to address a number of significant questions concerning the origin of CRs and their

propagation in our galaxy (see [37] for a synthetic review). Several different experiments
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Fig. 5. – (Colour on-line) CR electron spectrum measured by the Fermi LAT (red points,
from [39]). The gray shaded band indicates the systematic uncertainties associated with the
flux values, while the blue dashed line represents the prediction of a diffusive propagation model
tuned on the pre-Fermi data. Many other recent measurements are included for completeness.

have recently published new data of unprecedented quality and spanning energy ranges

never explored before, stirring up the interest of the scientific community, mostly in

connection with the possible indication of the existence of an extra component in the

energy spectrum, which is not part of the standard CR paradigm.

4
.
1. The all-electron spectrum. – The LAT intrinsic capability for detecting high-

energy CR electrons (and positrons) was already recognized by the collaboration in the

early stages of the instrument development. This was demonstrated with the publication

of the first high-statistics spectrum of CR e+ + e− between 20 GeV and 1 TeV, based

on the data from the first six months of the mission [38]. This capability derives from

the unique combination of large acceptance and long observation time; this combination

results in an effective exposure factor of the order of a few 108 m2 sr s at 100 GeV (in-

cluding all the effects of the event selections and instrument dead time and duty cycle),

which is significantly larger than any other experiment ever flown to measure the electron

component of the cosmic radiation in the LAT energy range.

Figure 5 shows the updated e+ + e− spectrum, based on the first year of data, pub-

lished in [39]. It extends the previous result [38] down to 7 GeV—the lowest accessi-

ble energy for primary electrons and positrons in the Fermi orbit (with an inclination

of 25.6◦). The spectrum does not show any evidence for a sharp spectral feature, such

as the one reported by ATIC [40]. The new low-energy data points, though, exacerbate

the tension with the hypothesis of a single power law spectrum, which could not be ruled

out in [38].

In fact, several different authors showed that the LAT e+ + e− spectrum, along with

the positron fraction measured by the PAMELA experiment [41], can be well fitted with

the addition of a separate high-energy e+/e− component, whose origin might be due to
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nearby pulsars or annihilation of WIMP dark matter. Other authors, like [42] and [43],

however, point to alternative explanations of the lepton excesses not invoking any extra-

components.

4
.
2. Anisotropies in CR electrons. – Thanks to its large exposure factor, and to it

being an all-sky instrument, Fermi offers a unique opportunity for the measurement

of possible anisotropies in the arrival directions of CR electrons and positrons, that

could potentially provide important information (complementary to the energy spectrum)

about their origin.

With more than 1.6 million candidate electrons above 60 GeV in the first year of

operation, we found no evidence for anisotropies on any angular scale [44]. The search

was performed by means of integrated skymaps with different regions of interest (with

radii ranging from 10◦ and 90◦) and though a spherical harmonic analysis. For a dipole

anisotropy—which is an interesting case study in the situation in which a single nearby

source dominates the high-energy electron spectrum—the LAT upper limits range from

0.5% to 10%, depending on the energy range. This is close to the level where we might

indeed expect some signal and it will get better as new data are analyzed.

5. – Final remarks: Fermi and Astroparticle Physics

The Fermi observatory provides a paradigmatic example of the fruitful interplay

between Astrophysics and Particle Physics, which has been taking place over the last

decades. One the one hand, the highlight results we presented show how the significant

observational advances of the Fermi era are largely due to the technological developments

coming from accelerator-based detectors, notably in this case to silicon tracking devices.

On the other hand, Fermi is contributing to a deeper understanding of high-energy

processes occurring in the Universe, often much more energetic than those produced by

our Earth-based particle accelerators. High-energy particles of cosmic origin played an

important role in the birth of subnuclear Physics and are now regarded as a fundamental

component of galaxies, as well as messengers of possible exotic phenomena beyond the

standard model of Particle Physics. The LAT is mapping with unprecedented accuracy

the high-energy facet of the sky, performing direct measurements of the charged cosmic

radiation and searching for signatures of Physics beyond the standard model. Further

advancements are foreseen in next years thanks to the complementarity with other multi-

wavelength/messenger Astroparticle detectors and accelerator-based experiments.
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Summary. — Very High Energy (VHE) γ-astronomy and cosmic ray physics are
the main goals of the ARGO-YBJ experiment. The detector is located in Tibet
(People’s Republic of China) and is a full-coverage Extensive Air Shower array con-
sisting of a carpet of Resistive Plate Chambers (RPCs). Altitude and full coverage
ensure an unprecedented reconstruction of showers close to their maximum size.
The performances of the detector and the present results concerning TeV cosmic
ray physics will be presented.

PACS 96.50.sd – Extensive air showers.

1. – Introduction

The ARGO-YBJ (Astrophysical Radiation Ground-based Observatory at YangBa-
Jing) experiment is located in Tibet at an altitude of 4300 m and is supported by an
Italian-Chinese scientific collaboration. It is mainly devoted to VHE gamma astronomy
and cosmic ray (CR) physics.

After some detail about the performances of the detector (sect. 2), this paper will be
focused on CRs in the range 1–300 TeV. Many significant analyses have been completed
or are under way about Moon shadow and antiproton flux (sect. 3), anisotropies (sect. 4)
and proton cross section (sect. 5). Unprecented details on the shower front are available
(sect. 6) thanks to the high granularity and this information can be crucial to test the
hadron interaction models. Other CR topics (as the spectrum measurement, the large-
scale anisotropy or the Sun shadow analysis) will not be discussed for space limits.

2. – Detector features and performance

The detector consists of a single layer of RPCs operated in streamer mode [1], on a
total area of about 110 × 100 m2 (fig. 1). The central carpet (78 × 74 m2) is fully active
and surrounded by a sampling ring with other 1000 m2 (20% of the outer ring) equipped
with RPCs. The detector is logically divided in 153 clusters, each made by 12 RPCs with
a dedicated Local Station for the DAQ. The digital read-out of the RPCs is performed
by means of inductive strips (6 × 62 cm2) well suited to detect small air showers. The

c© Società Italiana di Fisica 75
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Fig. 1. – (Colour on-line) Setup of the ARGO-YBJ experiment. Two big-pads (not shown in
this figure) are used for the analog charge read-out of each RPC.

fast-OR of 8 strips is called pad and defines the space-time pixel of the detector, with a
time resolution of ∼ 1.8 ns [2]. The timing calibration of the detector has been properly
performed by means of an innovatory software method [3] and does not require dedicated
calibration runs. Thus the data-taking is limited only by mantainance operations and
the duty-cycle is higher than 86%. In order to extend the measurable energy range, each
RPC has been equipped also with two large electrodes, called big pads, which provide an
analog signal proportional to the deposited charge [4].

ARGO-YBJ collects data in scaler and shower mode. The first one does not require
any trigger, it records the rate for four multiplicity bands (≥ 1, ≥ 2, ≥ 3 and ≥ 4)
on each cluster in a time window of 0.5 s. The scaler mode allows the detection of low
energy transient phenomena (e.g., GRBs and solar flares) observed as non-statistical
fluctuations of the background [5].

The shower mode works when the number of pads fired in a time-window of 420 ns
exceeds the multiplicity required by the trigger condition. Typically the lowest multi-
plicity is 20 and the trigger rate is 3.5 kHz. The event is fully reconstructed (arrival
direction, core position, lateral distribution and so on) looking at the space-time pattern
(see fig. 2) and the size of the shower is measured by means of the fired strips. When the
strip signal is saturated as in the event of fig. 3, a detailed reconstruction of the shower
is always allowed by the recently implemented charge read-out. Because of this detector
capability the CR studies can be extended to some thousands of TeV, in the region close
to the knee.

Thanks to modularity the data-taking began during the commissioning, the central
carpet was completed in 2006. Since November 2007 the experiment has been fully
installed and in stable data-taking.

3. – Moon shadow and antiproton flux

Cosmic rays are hampered by the Moon, therefore a deficit of CRs in its direction
is expected (the so-called Moon shadow). The same effect has been observed in the
direction of the Sun [6]. The Moon shadow analysis is a crucial test of the detector
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Fig. 2. – (Colour on-line) Digital display of ARGO-YBJ events. Left: x-y shower footprint,
where the color scale indicates the number of strips fired on each pad. Right: x-y-time view of
another shower, where each dot is a fired pad.

performance. The RMS of the deficit is related to the Point Spread Function (PSF) of
the detector according to

RMS =

√

σ2 +

(

φ

4

)2

,(1)

where σ2 is the variance of a Gaussian PSF and φ = 0.52◦ is the Moon angular diameter.
The westward angular shift ∆α of the shadow is due to the bending of CR path in the
geomagnetic field and allows to calibrate the scale of the primary energy (E) according
to the formula ∆α ∼ 1.58◦Z/E[TeV]. Finally the deficit position for events with high
rigidity (that is energy) allows to estimate the pointing accuracy.
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Fig. 3. – (Colour on-line) Comparison between digital and analog read-out for a high-energy
event. Left: the large number of particles saturates the digital response (8 strips fired for each
pad). Right: the shower core is clearly visible in the analog reconstruction (the number of
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The data analysis (fig. 4) confirms the reliability of the ARGO-YBJ detector. The
Moon shadow is observed with a significance of 9 standard deviations (s.d.) per month
at TeV energy. Using the data collected in the period July 2006–November 2010 and
requiring more than 100 strips fired in each event, the deficit appears with a significance
higher than 70 s.d. (fig. 4, left). The Moon position turned out to be stable at a level of
0.1◦. The angular resolution (fig. 4, right) is what expected.

Also the analysis of the primary CR bending due to the Earth magnetic field and the
comparison with MC simulation [7] make us confident in the detector performaces and
in the reconstruction algorithms. In fig. 5, left the westward Moon shadow shift is shown
as a function of strip multiplicity or rigidity assuming positive charged primary CRs. On
the contrary it is meaningful to take into account that primary antiprotons are deflected
in the opposite sense in their way to the Earth. Thus the Earth-Moon system acts as a
magnetic spectrometer and allows the search for antiparticles in the opposite direction
of the observed Moon shadow. Selecting CRs with low enough energy and exploiting the
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Fig. 6. – (Colour on-line) Sky-map in celestial coordinates of 3-years ARGO-YBJ data (opening
angle 5◦). Upper plot: the color scale indicates the statistical significance in s.d. Lower plot:
the color scale indicates the percentage excess with respect to the estimated background.

angular resolution of the detector two shadows could be observed, one shifted towards
West due to the positive CRs and the other one shifted towards East due to antiprotons.

The search for an antiproton signal has been performed exploiting the angular reso-
lution, the pointing accuracy, the long-term stability and the low energy threshold of the
detector [8]. The results are two upper limits shown in fig. 5, right, where also theoretical
models are shown. The solid curves refer to p̄ production during the CR propagation
in the Galaxy [9], the long-dashed lines refer to primary antiproton production by an-
tistars [10]. The dot-dashed line represents the contribution of p̄ from the annihilation
of heavy dark matter particles [11]. The short-dashed line shows a model [12] with sec-
ondary antiprotons and an additional antiproton component produced and accelerated
at CR sources.

4. – Intermediate-scale anisotropies

The data collected in three years by the ARGO-YBJ detector show several few-degree
CR excesses (fig. 6) after the removal of large angular features. This observation has
high statistical significance and confirms findings by other experiments like Tibet AS-γ
and Milagro. The morphological description of the phenomenon has been improved by
our measurement and new localized sky zones hosting excesses have been found. En-
ergy spectra have been measured and they are rather similar to previous measurements,
though significant differences can be appreciated. So far these few-degrees anisotropies
in the rigidity region 1–10 TV are not explained in terms of the standard theories of
CR propagation in the galaxy. Possible explanations are a particular structure of the
galactic magnetic field in the Earth neighborhood as well as the emission from nearby
sources. In the last case few-degree anisotropies may reveal as an effective tool to probe
the accelerated emission of CRs at sources.

5. – Proton cross section

The measurement [13] is based on the shower flux attenuation for different zenith an-
gles (θ), i.e. atmospheric depths. The detector features allow to fix the energy ranges and



80 P. BERNARDINI for the ARGO-YBJ COLLABORATION

 (GeV)
Lab

P

-1
10 1 10

2
10

3
10

4
10

5
10

6
10

7
10

8
10

9
10

10
10

T
o

ta
l 
p

-p
 c

ro
s
s
 s

e
c
ti

o
n

 (
m

b
)

0

20

40

60

80

100

120

140

160

180

200

 (GeV)                 s
10

2
10

3
10

4
10

5
10

p-p accelerator data

AKENO 1993

FLY'S EYE 1984

HIRES 2007

ARGO-YBJ this work

(s)
2

Review of Particle Physics 2008 (COMPAS group 2005) - ln

(s)
2

Block and Halzen 2005 - ln

Block and Halzen 2005 - ln(s)

 

Fig. 7. – Left: the proton-air production cross section as measured by ARGO-YBJ and by other
CR experiments. The predictions of several hadronic interaction models are also shown. Right:
the p-p total cross section obtained by ARGO-YBJ data, together with results published by
other CR and accelerator experiments.

to constrain the shower ages. In particular, different strip multiplicity intervals have been
used to select showers corresponding to different primary energies. At the same time the
information on particle density, lateral profile and shower front extension have been used
to select showers having their maximum development within a given distance/grammage
from the detection level. This made possible the unbiased observation of the expected
exponential falling of shower intensities as a function of the atmospheric depth through
the sec θ distribution. After the event selection, the fit to this distribution with an ex-
ponential law gives the slope value γ, connected to the characteristic length Λ through
the relation γ = h0/Λ (h0 ≃ 610 g/cm2 is the vertical atmospheric depth). That is,

I(θ) = A(θ) I(0) e−γ (sec θ−1),(2)

where A(θ) accounts for the geometrical acceptance in the angular bin. The parameter
Λ is connected to the proton interaction length by the relation Λ = kλint, where k
depends on hadronic interactions and on the shower development in the atmosphere and
its fluctuations. The actual value of k has been evaluated by a full MC simulation and
it depends also on the experimental approach, the primary energy range and on the
detector response. The p-air production cross section is then obtained from the relation

σp-air (mb) = 2.41 × 104/λint (g/cm2),(3)

while several theoretical approaches are possible to get the corresponding p-p total cross
section σp-p [14]. The results of this measurement are shown in fig. 7 for 5 energies.
ARGO-YBJ experimental points lie in an energy region not yet reached by p-p colliders
(and still unexplored by p-p̄ experiments), favouring the asymptotic ln2(s) increase of
total hadronic cross sections.

6. – Morphology of the shower front

The space-time structure of extensive air showers depends on primary mass, en-
ergy and arrival direction and on the interaction mechanisms with air nuclei. Detailed



COSMIC RAYS IN THE TEV REGION WITH THE ARGO-YBJ DETECTOR 81

distance to shower axis (m)
10 20 30 40 50 60 70

re
s
id

u
a

ls
 (

p
la

n
a

r 
fi
t)

 n
s

0

2

4

6

8

10

12

14

ht8001000d
Entries  6770340
Mean    24.64
Mean y   2.711RMS     16.91
RMS y    17.3
Underflow       0
Overflow    27.88
Integral   529.3
Skewness   14.62
Kurtosis   37.63

ht8001000d
Entries  6770340
Mean    24.64
Mean y   2.711RMS     16.91
RMS y    17.3
Underflow       0
Overflow    27.88
Integral   529.3
Skewness   14.62
Kurtosis   37.63

ht10001200_015d

Entries  5213220

Mean    24.66

Mean y   2.761

RMS     16.88

RMS y   16.67
Underflow       0

Overflow    28.84

Integral   540.9

Skewness   14.68

Kurtosis   37.86

ht10001200_015d

Entries  5213220

Mean    24.66

Mean y   2.761

RMS     16.88

RMS y   16.67
Underflow       0

Overflow    28.84

Integral   540.9

Skewness   14.68

Kurtosis   37.86

 = (200 - 400)hitN

 = (400 - 800)hitN

 = (800 - 1000)hitN

 = (1000 - 1200)hitN

distance to shower axis (m)
10 20 30 40 50 60 70

re
s
id

u
a

ls
 (

p
la

n
a

r 
fi
t)

 n
s

0

5

10

15

20

ht200400_015d

Entries     2.71871e+07

Mean    24.91

Mean y   2.789

RMS     17.15

RMS y   26.23

Underflow       0

Overflow    24.29

Integral   521.6

Skewness   13.17

Kurtosis   32.59

ht200400_015d

Entries     2.71871e+07

Mean    24.91

Mean y   2.789

RMS     17.15

RMS y   26.23

Underflow       0

Overflow    24.29

Integral   521.6

Skewness   13.17

Kurtosis   32.59

 = (200 - 400)
hit

Data   N

 = (200 - 400)
hit

MC     N
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the distance to shower axis. Left: real data measurement for different pad multiplicities. Right:
real data and simulated data (proton) for pad multiplicity in the range 200–400.

measurements of many shower parameters (size, lateral distribution, arrival times, cur-
vature and so on) would be required for a complete knowledge of the shower event.

A full-coverage array like ARGO-YBJ measures the arrival times and densities of
shower particle at ground. The digital readout allows detection down to very low density
and the high space-time granularity provides a fine sampling of the shower front close
to the core. These unprecedented detector features allow deep studies about the shower
development searching for more information about type of primary, its energy and shower
age. These studies could be also a test-bed for hadronic interaction models and could
give some hint about gamma-hadron separation.

The curvature and the thickness of the shower disc have been studied as a function of
the distance to shower axis up to a maximum distance of 70 m for quasi-vertical showers
(θ < 15◦). Figure 8, left shows the mean value of time residuals with respect to a planar
fit for different pad multiplicities. The arrival time delay from planar fit increases with
distance up to 10 ns for particles landing further than 50 m from the core. No significant
dependence on pad multiplicity is observed. In fig. 8, right the real data distribution for
200 < Npad < 400 is compared with a simulation where Sibyll code has been used for
the hadronic interactions and Corsika for the shower development in the atmosphere. No
discrepancies are visible and this make us more confident about the tools of this analysis
(simulation and reconstruction algorithms).

For primaries interacting deeper in the atmosphere (young showers), due to geomet-
rical reasons, the arrival of particles at a given lateral distance is expected to be more
delayed compared to primaries that have interacted higher (old showers). Young showers
will then exhibit a steeper time profile with respect to a planar fit. A study of the cor-
relation between the measured shower conicity and the atmospheric depth of the shower
maximum suggests to adopt the conicity as an estimator of the shower development
stage.

Also events with particularly large time spread have been investigated. They can
be grouped into two main typologies: wide shower and double front events. The first
ones can be large showers with the core very far from the detector. The second ones are
expected to be showers in the same trigger time window (2 µs). Some discrepancy with
respect to these interpretations could be the signal of exotic effects.
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7. – Conclusions

The ARGO-YBJ detector is taking data since November 2007 in the complete setup
(central carpet and guard ring) in a very stable way. The detector performances are what
expected and they are monitored by the analysis of the Moon shadow in the CR flux.
Remarkable results have been achieved in gamma-astronomy [15]. Here a selection of CR
physics measurements essentially based on the digital read-out has been presented.

We would like to stress that the analog charge read-out allows to enlarge the energy
range of ARGO-YBJ measurements (for istance the p-p cross section measurement) up
to thousands of TeV.
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Summary. — We present a review of recent results from the Pierre Auger Observa-
tory, including the measurement of the cosmic ray energy spectrum above 1018 eV,
searches for anisotropy of the arrival directions, and studies of cosmic ray mass
composition. The flux exhibits hardening at 4 × 1018 eV followed by suppression
consistent with the GZK effect above 3 × 1019 eV. Correlation of cosmic ray air
shower arrival directions with the distribution of the nearby extragalactic matter is
observed at energies above 5.5× 1019 eV. The observed longitudinal development of
air showers suggests that the interaction cross-section increases with energy more
rapidly than current models predict for proton primaries, perhaps due to a transi-
tion to heavier composition. No clear candidates for neutrinos and photons in the
ultra-high energy cosmic ray flux have yet been found.

PACS 95.55.Vj – Neutrino, muon, pion, and other elementary particle detectors;
cosmic ray detectors.
PACS 95.85.Ry – Neutrino, muon, pion, and other elementary particles; cosmic
rays.

1. – Introduction

The Pierre Auger Observatory [1] was built to study the properties of extensive air

showers produced by cosmic rays with energies above 1018 eV. It is located in the south-

ern hemisphere near the town of Malargüe, Argentina. The observatory features a large

detection area to collect a significant number of rare cosmic ray events. It is the first

experiment observing air showers simultaneously by two detection techniques, making it

possible to reduce the systematic uncertainties associated with each method. The surface

detector (SD) is an array of more than 1600 water Cherenkov detectors sampling the lat-

eral distribution of the shower particles on the ground. The SD has a duty cycle of almost

100%. The fluorescence detector (FD) consists of 27 telescopes observing the longitudinal

development of the showers in the atmosphere above the surface array. The light is from

(∗) Full author list available at: http://www.auger.org/archive/authors 2010 11.html
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Fig. 1. – Combined hybrid and SD energy spectra from Auger [4] compared to the stereo spec-
trum from HiRes [5].

nitrogen emission in the near UV region and so the FD can operate only during clear

moonless nights, limiting its duty cycle to less than 15% [2]. This technique provides

a calorimetric and therefore essentially model-independent measurement of the shower

energy, which is used to calibrate the SD measurements. The modular design of the ob-

servatory made it possible to start data taking in 2004, before the baseline configuration

was completed in 2008. By the end of 2009 a total exposure of about 20 000 km2 sr y was

collected, significantly more than that of all previous air shower experiments combined.

2. – Energy spectrum

Measuring the cosmic ray energy spectrum is a key aspect in understanding the origin

and nature of particles whose energies exceed by many orders of magnitude the energy

achievable in man-made accelerators. The most direct shower energy determination is

obtained by the fluorescence technique. The fluorescence yield (photons emitted per

unit of electron energy deposited) characteristics are determined in laboratory measure-

ments [3]. The total energy deposited by the shower is then given by integrating the light

observed as the shower develops. A subset of hybrid events (detected by both techniques)

are used to establish the relationship between the SD particle density parameter and the

FD determined energy. This relation is then used to derive the energy of the full SD data

sample. The combined hybrid and SD-only spectrum from the Pierre Auger Observatory

is shown in fig. 1. The spectrum can be described by a broken power-law E−s with the
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spectral index s = 3.26 ± 0.04 bellow the first break located at log(E) = 18.61 ± 0.01

(called the ankle). The spectral index reaches 2.59±0.02 above the ankle and then steep-

ens again to s = 4.3 ± 0.2 above the second spectral feature at log(E) = 19.46 ± 0.03.

The HiRes stereo spectrum is shown for comparison. The apparent overall shift of the

two spectra is not yet understood, but they are consistent within systematic errors [4]

(about 20% for each experiment).

Although the observed features are consistent with the GZK predictions (for proton

dominated composition), one should realize that this does not necessarily mean that this

is in fact the mechanism behind the suppression. For example it is also conceivable that

the suppression is caused by the maximum energy achievable by the cosmic accelerators.

Interpretation of the spectral features should be done using also the information from

chemical composition studies and searches for photons and neutrinos. The ankle may be

a result of a steep spectrum from galactic sources crossing over a flatter spectrum from

the extragalactic sources.

3. – Arrival directions

With increasing energy the trajectories of cosmic ray particles become less deflected

in the galactic and extragalactic magnetic fields, giving hope that astronomy at ultra-

high energies will become feasible. Moreover, if the observed flux suppression is the GZK

effect, then 1020 eV particles can not reach the Earth from distances of order 100 Mpc

or beyond. Since nearby extragalactic matter is not uniformly distributed, these facts

motivate a search for anisotropy in the arrival directions of cosmic rays. One class of

objects believed capable of accelerating particles to ultrahigh energies are Active Galac-

tic Nuclei (AGN). The Pierre Auger Collaboration found a significant correlation with

objects from the Véron-Cetty and Véron catalog [6], the effect appearing for events with

energy above 55 EeV, angular separation from catalog objects of less than 3.1◦, and for

AGNs less than 75 Mpc distant [7].

An update of the fraction of correlating events detected until 31 December 2009

excluding the 14 initial events used to establish the hypothesis, yields 38+7
−6%, where only

21% would be expected for an isotropic distribution [8]. The 69 events with energies

above 55 EeV detected in this time period are plotted in fig. 2. Note that the catalogs

are incomplete near the galactic plane due to obscuration, so the lack of correlation for

events in this region is expected. Details of these studies are reported in [8].

Especially interesting is the concentration of events around the location of Centau-

rus A, which lies only ∼ 4 Mpc away from us. Plotting the number of observed events as

a function of angular distance from Cen A shows the most significant excess for events

within 18◦, where 13 events were observed while only 3 are expected for an isotropic

distribution (fig. 3). It is unclear whether the events come from the Cen A nucleus, its

radio lobes, or even from other objects, perhaps in the Centaurus galaxy cluster, located

about 45 Mpc behind Cen A on the same line of sight. Of course, the possibility that the

excess could be a random fluctuation has not yet been ruled out.

4. – Mass composition

Information about the mass and type of the primary particle is another key component

in understanding the origin of ultra-high energy cosmic rays. The chemical composition of

the primaries will affect the resulting air showers most significantly in the electron/muon
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Fig. 2. – Arrival directions of the 69 events above 55 EeV (dots). The circles of 3.1◦ are centered
around the positions of the 318 AGNs from the VCV catalog that are located within 75 Mpc
distance and within the field of view of the observatory (solid curve). The shading of the circles
indicates the relative exposure at these locations. Cen A is located at l ∼ −50.5◦, b ∼ 19.4◦.

ratios at the ground level and the depth-of-maxima in the atmosphere. A simple superpo-

sition principle gives some guidance: it approximates an interaction of a nucleus of mass

A and energy E as the superposition of A nucleons each with the energy E/A. Hence,

for a given energy a proton primary will penetrate deeper into the atmosphere and the
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Fig. 3. – Cumulative number of events with E ≥ 55 EeV as a function of angular distance from
the direction of Cen A. The bands correspond to 68%, 95%, and 99.7% dispersion expected for
an isotropic flux.
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Fig. 4. – Distributions of Xmax (left) and RMS(Xmax) as a function of energy. Sample con-
tains well-reconstructed hybrid events only. Monte Carlo simulations using different hadronic
interaction models are shown for protons and iron nuclei.

shower-to-shower fluctuations will be larger than in the case of a heavier nucleus. Results

of the studies of the Xmax distribution and its RMS are presented in fig. 4 together with

predictions for a pure proton and a pure iron composition from various hadronic interac-

tion models. Further details of this analysis can be found in [9]. It is necessary to invoke

hadronic physics models to assess the composition, but there are no models that properly

represent all observed air shower characteristics. Thus it is dangerous to make inferences

using them. Current models are extrapolating the features of the hadronic interactions

well beyond the region tested by accelerator data. Consequently, the systematic uncer-

tainties of the predictions are significant. With these caveats in mind, both 〈Xmax〉 and

RMS(Xmax) suggest a trend from a lighter composition to heavier (e.g. CNO). The trend

coincides with the position of the ankle in the spectrum. Only the highest quality events

detected by the FD are considered in this study, limiting the number of events analyzed.

An unfortunate result is that the statistics do not yet allow extension of this analysis to

the highest energies, where the correlations with AGNs are observed. Reconciling this

composition trend with the observed anisotropy may be very challenging.

It is interesting to note that an increase in the proton-nucleus inelastic cross-section

at the highest energies would bring model predictions for protons closer to the data

by making Xmax higher in the atmosphere. Results from the LHC, particularly in the

forward region, will be of great interest for the cosmic ray community as they are expected

to improve the reliability of the hadronic interaction models.

Independently of the LHC experiments (and at energies beyond their reach), the

Pierre Auger Observatory can investigate some aspects of hadronic interaction models.

For example, several examinations of the intensity of the muon component in extensive air

showers have been performed, with preliminary results suggesting that showers contain

more muons than the models predict [10].

5. – Photon and neutrino limits

Photons and earth-skimming neutrinos are expected to have a characteristic signature

in the data, since both produce showers that develop deep in the atmosphere. Both

kinds will be seen as young showers, while an earth-skimming tau neutrino will also have

a nearly horizontal trajectory. Searches for such events have yielded strong limits that

exclude some of the so-called “exotic scenarios” for the production of ultra-high energy
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cosmic rays. The current upper limit from the Auger data for the fraction of photons in

the UHECR flux is 2% above 10 EeV and 2.4% above 2 EeV [11]. For the tau neutrino

flux in the energy range 2× 1017 eV < Eν < 2× 1019 eV, assuming a diffuse spectrum of

the form E−2
ν the corresponding upper limit is 6× 10−8 GeV cm−2 s−1 sr−1 [12].

6. – Observatory enhancements

The Pierre Auger Observatory is now collecting around 7000 km2 sr of exposure per

year. New detector systems are being deployed now to compare our measurements with

other experiments working at lower energy. HEAT (High Elevation Auger Telescopes) has

three telescopes with their field of view pointing above the baseline Auger instruments,

allowing observation of nearby lower energy showers (� 1017 eV) [13]. AMIGA (Auger

Muon and Infill for the Ground Array) is essentially a denser grid of surface stations

paired with underground muon counters and will perform a precise study of the lateral

shower profile as well as the muon content in the energy region between 1017 eV and

1019 eV [14]. AERA (Auger Engineering Radio Array) is exploiting yet another detection

technique, the measurement of the coherent radiation at radio frequencies emitted by

secondary shower particles deflected in the geomagnetic field [15].

As the new devices are put to operation and the analysis of new data is ongoing, more

interesting results can be expected.
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Summary. — The energy spectrum, composition and arrival directions of ultrahigh
energy cosmic rays (UHECRs) with energy above the cosmic ray ankle, measured
by the Pierre Auger Observatory, appear to be in conflict if their origin is assumed
to be extragalactic. Their spectrum and composition, however, are those expected
from Galactic UHECRs accelerated by highly relativistic jets such as those pro-
ducing short hard gamma ray bursts (SHBs). If this alternative interpretation is
correct, then the observed break in the energy spectrum of UHECRs around 50 EeV
is the energy threshold for free escape of UHE iron nuclei from the Galaxy and
not the Greisen-Zatsepin-Kuzmin (GZK) cutoff for protons, and the arrival direc-
tions of UHECR nuclei with energy above their UHE breaks must point back to
their Galactic sources rather than to active galactic nuclei (AGN) within the GZK
horizon.

PACS 95.85.Ry – Neutrino, muon, pion, and other elementary particles; cosmic
rays.
PACS 98.70.Rz – γ-ray sources; γ-ray bursts.

Cosmic rays (CRs), discovered by Victor Hess [1] almost a century ago, have an

observed spectrum extending from E ≤ 106 eV to extremely high energies, E ≥ 1020 eV.

At low energies the primary CRs contain all the stable elements. At very high energies,

their all-particle spectrum has not been resolved into separate elements. Their energy

spectrum is well represented by a broken power law E−β , with β ≈ 2.7 above ∼ 10 GeV

until the “CR knee” at ∼ 3 × 1015 eV, where it steepens to β ≈ 2.9 up to a “second

knee” near 2 × 1017 eV where it changes to β≈3.3. Above the “ankle” at ∼ 3 × 1018 eV

the ultrahigh energy cosmic ray (UHECR) flux has been accurately measured by the

Fly’s Eye High Resolution (HiRes) experiment [2, 3] and the Pierre Auger Observatory

(PAO) [4, 5]. Its energy spectrum is well described by a power-law with β ≈ 2.7 until a

“break” near 5 × 1019 eV where it changes to β ≈ 4.3, as shown in fig. 1, which shows

the energy domain we are here concerned with.

c© Società Italiana di Fisica 89
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While the origin of the CR knees of different elements is still debated, the CR ankle

is generally identified as the energy beyond which the deflection of CRs in the Galactic

magnetic field can neither isotropise them nor prolong significantly their residence time

in the Galaxy, see, e.g., [6-9] and references therein, and [10] for an alternative.

A free escape of UHECRs from the Galaxy implies that they essentially suffer an

angular spread 〈θ2〉 ≪ 1 by magnetic deflections on their way out of the Galactic cosmic

ray halo whose typical radius is RG ∼ 10 kpc. For CRs of charge Z, this happens at an

energy for which their Larmor radius, RL = E/Z e Br, becomes much larger than the

coherence length, lc, of the random component of the Galactic magnetic field Br ∼ 3 µ
Gauss [11, 12] and their small deflections δθ ≃ lc/RL add up to

(1) 〈θ〉 ≃

[

RG

lc

]1/2 [

lc
RL

]

≤
π

2
.

For a typical lc ∼ 0.1 kpc, RL = E/e Z B and θ = π/2, eq. (1) yields a threshold energy

for escape, and consequently a spectral break at Ebreak(A, Z) = Z Ebreak(p) = 1.8Z EeV.

For Fe nuclei, Ebreak(Fe) = 46.8 EeV, which roughly coincides with the break-energy

measured by HiRes [2, 3] and PAO [4,5].

The observed ultrahigh-energy (UHE) break at E ≈ 5×1019 eV was identified by both

HiRes and PAO as the so-called “GZK cutoff”. This effective threshold for energy losses

of CR protons by pion production in collisions with the cosmic microwave background

(CMB) radiation, which exponetially suppresses the extragalactic flux of UHECR pro-

tons with energy above 5 × 1019 eV, was predicted by Greisen [13] and by Zatsepin and

Kuzmin [14] in 1966, right after the discovery of the CMB.

Further support for the identification of the UHE break with the GZK cutoff for

UHECR protons came from the arrival directions of UHECRs with energy above the

GZK threshold observed in the early PAO data [15]: if the UHECRs are protons, half of

those with E ≥ EGZK must come from distances < 70 Mpc. Indeed, PAO reported that

a large fraction of these UHECRs (measured between 1 January 2004 and 31 August

2007) had arrival directions pointing back within ≤ 3.1 deg to active galactic nuclei

(AGNs) closer than ∼ 75 Mpc, while the directions of those with smaller energies were

isotropic [15, 16].

The conclusion that most UHECRs with E ≥ EGZK are protons was expected: extra-

galactic UHECR nuclei disintegrate in collisions with the infrared background radiations

and the CMB, with a mean free path much shorter than that of UHE protons for π
production above the GZK threshold [7, 17-20].

However, this early evidence for a directional correlation with AGNs, obtained by PAO

from a sample of 27 UHECRs was not present in a sample of an additional 42 events

seen through 31 December 2009 and has diminished significantly in the joint sample [21].

In addition, the HiRes collaboration reported [22]. that their sample of 13 events with

energy above 57 EeV (1EeV = 1018 eV), is incompatible with directional correlation with

AGNs at 95%.

Moreover, PAO recently reported the measured depth of shower maximum of UHECRs

and its root-mean-square fluctuations, which indicate that the composition of UHECRs

changes progressively with energy from proton-dominated below the CR ankle to Fe-

dominated as one approaches the GZK cutoff [4, 23]. The GZK cutoff for Fe-dominated

composition is ≈ A = 56 times larger than that for protons, EGZK(Fe) ≈ 3 × 1021 eV.

Thus, the PAO composition of UHECRs seems to be in conflict with the identification of
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the UHE break at 50 EeV as the GZK cutoff of UHECR protons. Also the spectral shape

around the UHE break seems not to be compatible with that expected from the GZK

cutoff [24]. Note, however, that a proton dominated composition [25] and the spectrum

of UHECRs [22] that were measured by HiRes are those expected from extragalactic

UHECRs [7].

All together, it appears that either the UHECRs are mainly extragalactic protons, the

UHE break is due to the GZK cutoff and the Fe-dominated composition of UHECRs near

the GZK cutoff that was inferred by the PAO is not correct, or the UHECR composition

becomes Fe-dominated near the UHE break and the UHE break is not the GZK cutoff of

UHECR protons. This composition controversy, as well as the UHECR-AGN association

controversy should be resolved experimentally. But, if the UHECR composition inferred

by PAO [4,23] turns out to be the correct one, is there a consistent and simple explanation

for both the energy spectrum and composition measured by PAO?

In this short paper we present such an explanation. We show that, with small mod-

ifications in the assumed relative Galactic and extragalactic fluxes, the comprehensive

theory of cosmic rays presented in [7] correctly predicts the energy spectrum and com-

position of the PAO UHECRs. All one has to do is to go back to the original assumption

that the UHECRs are dominantly of Galactic origin [6]. We show that a rough knowledge

of the properties of the Galactic accelerators of UHECRs without an exact knowledge

of their identity can reproduce the spectrum and composition of UHECRs which were

reported by PAO.

In [7] we posited that CRs are a mixture of Galactic and extragalactic fluxes, acceler-

ated in gamma ray bursts (GRBs) [26]. They are the GRB-ionized interstellar medium

(ISM) collissionally accelerated by the highly relativistic jets of plasmoids (cannonballs)

that produce Galactic and extragalactic GRBs, most of which are beamed away from

Earth [6]. The ones trapped in the Galactic magnetic field have produced its CR halo.

In a steady state, the escape rate from the CR halo equals its filling rate. The two CR

populations are steadily injected into the Galactic CR halo and the intergalactic medium

(IGM) with roughly the same energy spectrum and composition. But they suffer different

losses in the host galaxies of the GRBs and in the IGM due to the different environments

and residence times.

The CR energy spectrum and composition above the second knee reflect the A-

dependent threshold energy (roughly proportional to A) for photo-dissociation of ex-

tragalactic CR nuclei in collisions with the CMB and the infrared background radiations

during their long residence time in the IGM [7]. The second knee is the threshold for

photo-dissociation of 4He. The CR composition changes progressively from that of low-

energy CRs near the second knee to almost a pure protons below the CR ankle, as more

heavy nuclei and their fragments disintegrate. The photo-disintegration of the primary

nuclei and their fragments changes the power-law index of the all-particle energy spec-

trum from ∼ 2.9 below the second knee to ∼ 3.3 above it. We do not discuss in detail

this calculationally complex subject here (Dado and Dar, in preparation) since we are

focusing on the understanding of UHECRs above the ankle. The Galactic component,

whose residence time in the Galaxy is too short to imply a significant photo-disintegration

in the ISM, starts to dominate before the energy reaches the CR ankle.

Above E = Ebreak(p) ≈ 1.9 EeV, UHECR protons are not isotropised and their free

escape is not delayed by the Galactic magnetic field. Their flux predictably decreases

with increasing energy beyond the proton UHE break. The CR nuclei of 4He, that at

fixed particle energy are only slightly less abundant than protons (by a factor ∼ 0.8),

have a UHE break at Ebreak(4He) ≈ 2 × 1.9 EeV, beyond which Fe dominates the CR
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composition. The UHE Fe break is at ≈ 26× 1.9 ≈ 50 EeV. We shall interpret the UHE

all-particle break as the UHE Fe break beyond which Fe CRs are not isotropised nor

confined. In order to validate this possibility, we proceed to derive the corresponding

spectrum of UHECRs.

At the energies at which CR nuclei are isotropised by the Galactic magnetic field,

their density is enhanced by their energy-dependent residence time in the Galaxy. At

relatively low (sub TeV) energies this time was empirically estimated [27] to behave as

τ(E, Z) ∝ (E/Z)−βr with βr ≈ 0.5 ± 0.1, yielding a CR number density [7]

(2)
dn

A

dE
∝ τ(E, Z)

dninj
A

dE
∝ X(A, Z)Aβ−1 E−β ,

where ninj
A

are the injection rates of nuclei, X(A, Z) are their relative abundances in the

ISM and β = βinj +βr. For Fermi acceleration in highly relativistic jets, βinj = 13/6 for

all CR nuclei [7], while βr is not known above the spectral knees. If βr is E-independent,

using its low-energy value one obtains [7] a spectral index of Fe UHE nuclei β = 2.67±0.1,

for E < Ebreak(Fe) ∼ 50 EeV, i.e.,

(3)
dn

F e

dE
∝ E−2.67±0.1.

Consider now the arrival of CR nuclei with E > Ebreak(A, Z) from Galactic sources.

Their small deflections by the Galactic magnetic field along their path to Earth spread

their arrival directions according to eq. (1) and their mean arrival times by

(4) 〈τd(E, Z)〉 ∼
RG〈θ

2〉

2 c

and their residence time in the Galaxy as a function of E approaches rapidly their energy-

independent free escape time, 〈τr(E, Z)〉 ∼ (RG/c) [1 + 〈θ2〉/2] → RG/c. A distribution

of Ns Galactic transient sources of UHECRs that isotropically emit CRs can produce

a quasi-isotropic distribution of arrival directions provided their Galactic rate satisfies

Ṅs τd > 4/〈θ2〉. Their spectral index, however, will remain β = βinj ≈ 13/6.

In our theory [7] the injection of CRs is narrowly beamed : CRs are accelerated by

highly relativistic very narrow jets emitted in the birth or death of compact stars, in

supernova explosions, in phase transitions in compact stars, in their mergers, and in

accretion episodes onto compact stars, all of which produce observable GRBs when their

jets point towards Earth.

For collimated sources eq. (1) implies that the probability for an UHECR to reach

Earth is 〈θ2〉/4 ∝ E−2. Consequently, if the effective number of sources during τd(E)

satisfies Neff = Ṅs τd(E) ≪ 4/〈θ2〉, the probability that the rays reach us during a time

δt ≪ τd(E) is ∝ E−2. The flux of UHECR nuclei beyond their Ebreak(Z) = Z Ebreak(p)

then satisfies

(5)
dn

A

dE
∝ E−βinj−2 ∼ E−4.17.

This result is valid in the cannonball model of GRBs [28] where the jets have typical

bulk-motion Lorentz factor γ ∼ 103 and the UHECRs are beamed into a cone with an

opening angle θ ∼ 1/γ ∼ 10−3 much smaller than their angular spread by Galactic
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Fig. 1. – Comparison between the predicted slopes of the broken power-law spectrum of UHECRs
and the PAO data [5]. The overall normalization and the energy of the cosmic ray ankle which
depend on poorly known astrophysical parameters, were adjusted by a best fit to the data.

magnetic deflections. It is not valid in GRB fireball models with spherical ejecta or

conical jets of opening angle much larger than the angular spread due to deflections by

the Galactic magnetic field.

In fig. 1 we compare the PAO spectrum [5] of UHECRs (multiplied by E3 in fig. 2

for clarity) and the approximate power-law spectrum with the predicted indexes β =

3.3 between the second knee and the 4He UHE break (Dado and Dar, in preparation),

β = 2.67 between this energy and the Fe break and β = 4.17, as given in eqs. (3), (5),

which follow from our current update of [7]. The broken power-laws is a best fit to the

data. The theoretical power-law indexes and break points agree well with their best fit

Fig. 2. – The predicted broken power-law spectrum of UHECRs, compared to the PAO data [5],
both multiplied by E3.
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values: a best fit yields power-law indixes 2.68 and 4.16 below and above the UHE break

at 50 EeV, and 3.3 below the ankle at 3.6 EeV.

A similar interpretation of the spectrum and composition of UHECRs has been pro-

posed [29]. It is based on the assumption that the origin of UHECRs is Galactic GRBs,

as first suggested in [6]. Yet, we maintain that their derivation in [29] of the spectrum

at energies above the UHE iron break is flawed(1).

In conclusion, if the UHECRs with energy above the UHE break are mostly iron nu-

clei, as inferred from the PAO measurements, then the spectrum and composition of the

UHECRs are those expected from CRs that are accelerated by the highly relativistic jets

emitted in Galactic GRBs, most of which are mercifully beamed away from Earth. In

particular, the UHE break in the spectrum of UHECRs around 50 EeV is not the GZK

cutoff, but the energy threshold for “free” escape of UHE Fe nuclei from the Galaxy. The

energy spectrum of UHECRs above the UHE break is a trivial consequence of the energy

dependence of the magnetic deflection of Galactic UHE Fe nuclei: It is the steepening by

two units of the spectrum at the break, eq. (5) that reflects the “rigidity” of a UHECR

trajectory in the randomly directed domains of the Galactic magnetic field. Finally the

UHECR nuclei above their respective UHE breaks should point back towards young rem-

nants of Galactic GRBs. These may be supernova remnants, magnetars, young neutron

stars and accreting compact objects in close binaries (the expected angular-clustering

properties of UHECRs will be discussed elsewhere).

If the UHECRs are extragalactic protons, as implied by the Fly’s Eye HiRes obser-

vations, then the UHE break near 50 EeV is the GZK cutoff, and the UHECRs must

be accompanied by the UHE neutrinos and photons from the decay of the charged and

neutral GZK pions. Their expected spectral index between the CR ankle and the GZK

cutoff is their injection index below the CR ankle, i.e. β = 3.2 − βr ≈ 2.7 ± 0.1, their

spectrum above the UHE break is the GZK spectrum, and their arrival directions should

point towards their nearby extragalactic sources.
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Summary. — Planck is a ESA satellite, currently in operation, whose main ob-
jective is to accurately image the anisotropies of the Cosmic Microwave Background
Radiation in intensity and polarization. Benefiting from an unprecedented combi-
nation of sensitivity, angular resolution, and frequency leverage, Planck will provide
high quality data to be mined in cosmology and astrophysics. The first Planck re-
sults have been released in January 2011 and include both Galactic and extragalactic
source catalogues, a list of galaxy clusters selected by the Sunyaev-Zel’dovich effect,
and a cold cores catalogue. The first cosmological data products are awaited for
early 2013. Planck has a wide list of scientific targets. Here we focus on one specific
aspect which is also of interest to the high energy physics community: constraining
the Parity and CPT symmetries through CMB datasets. We describe the basic
formalism, the relevant estimators and the overall analysis strategy. We provide
marginal evidence for large scale Parity anomaly in the WMAP data that may be
soon confirmed or discarded by the Planck satellite. Planck is currently measuring
CMB anisotropies and their polarization with a level of precision that will remain
unparalleled for many years to come. We also show how the CMB can be used
to constrain fundamental symmetry violations in the photon sector through the
so-called cosmological birefringence phenomenon.

PACS 98.80.-k – Cosmology.

c© Società Italiana di Fisica 97



98 P. NATOLI, C. BURIGANA, A. GRUPPUSO and N. MANDOLESI

1. – Introduction

Planck(1), is the third generation mission devoted to the Cosmic Microwave Back-
ground (CMB), after the COsmic Background Explorer (COBE) and Wilkinson Mi-
crowave Anisotropy Probe (WMAP)(2), and at the fronteer of precision cosmology to-
day [1-3]. It is equipped with a 1.5–m effective aperture telescope with two actively-cooled
instruments observing the sky in nine frequency bands from 30 GHz to 857 GHz: the Low
Frequency Instrument (LFI) operating at 20 K with pseudo-correlation radiometers, and
the High Frequency Instrument (HFI) with bolometers operating at 100mK. A sum-
mary of the LFI and HFI performances is reported in table I. Planck is sensitive to
linear polarization up to 353 GHz. The constraints on the thermal behavior, required to
minimize systematic effects, resulted in a cryogenic architecture that is one of the most
complicated ever conceived for space. Moreover, the spacecraft has been designed to
exploit the favorable thermal conditions of the orbit around the second Lagrangian point
of the Sun-Earth system. Planck is a spinning satellite. Thus, its receivers will observe
the sky through a sequence of (almost great) circles following a scanning strategy aimed
at minimizing systematic effects and achieving all-sky coverage for all receivers [4].

After launch on 14 May 2009, Planck has already mapped the sky about four times
(at the time of writing this proceedings paper) and it is planned to complete another
full sky survey with both instrument operational, and yet another one for LFI only. The
HFI is expected to reach end of life after the end of the fifth sky survey, due to cryogenic
helium consumption.

The first scientific results of Planck have been released on January 2011 [6]. They
describe the instrument performance in flight including thermal behaviour [7-9], the HFI
and LFI data analysis pipelines [10,11], the main astrophysical results about Galactic sci-
ence [12-18], extragalactic sources and far-IR background [19-24], and Sunyaev-Zel’dovich
effects and cluster properties [25-29], providing to the scientific community the Planck

Early Release Compact Source Catalog (ERCSC) [30]. The first publications of the main
cosmological implications are expected in early 2013.

The anisotropy pattern of the CMB, measured by WMAP, probes cosmology with
unprecedented precision (see [31, 32] and references therein). WMAP data are largely
consistent with the concordance Λ cold dark matter (ΛCDM) model, but there are some
interesting deviations from it, in particular on the largest angular scales [33]. See also [34]
for a critical point of view upon the subject.

A large number of papers dealing with these anomalies have been published in the
last years. We briefly list below those that are the most studied: a) lack of power on
large angular scales [35,36]; b) hemispherical asymmetries [37-43]; c) unlikely alignments
of low multipoles [44-48,35,49-53]; d) non-Gaussianity [43,54,55]; e) spots and/or excess
of signal [56, 57, 42], possibly linked to non-Gaussianity; f) Parity asymmetry. This
anomaly represents one subject of the present paper. It has been suggested in [58] that
an estimator built upon the point Parity symmetry might be used as a practical tool
for detecting foregrounds. In particular these authors consider whether the observed

(1) http://www.esa.int/Planck. is a project of the European Space Agency—ESA—with in-
struments provided by two scientific Consortia funded by ESA member states (with France and
Italy as lead countries), contributions from NASA (USA), and telescope reflectors provided in
a collaboration between ESA and a scientific Consortium led and funded by Denmark.
(2) http://lambda.gsfc.nasa.gov/
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Table I. – Planck performances. The average sensitivity, δT/T , per FWHM
2

resolution element

(FWHM is reported in arcmin) is given in CMB temperature units (i.e. equivalent thermody-

namic temperature) for 28 months of integration. The white noise (per frequency channel for

LFI and per detector for HFI) in 1 sec of integration (NET, in μK ·
√

s) is also given in CMB

temperature units. The other used acronyms are: DT = detector technology, N of R (or B) =
number of radiometers (or bolometers), EB = effective bandwidth (in GHz). Adapted from [5,2]
and [3].

LFI

Frequency (GHz) 30 44 70

InP DT MIC MIC MMIC

FWHM 33.34 26.81 13.03

N of R (or feeds) 4 (2) 6 (3) 12 (6)

EB 6 8.8 14

NET 159 197 158

δT/T [μK/K] (in T ) 2.48 3.82 6.30

δT/T [μK/K] (in P ) 3.51 5.40 8.91

HFI

Frequency (GHz) 100 143

FWHM in T (P ) (9.6) 7.1 (6.9)

N of B in T (P ) (8) 4 (8)

EB in T (P ) (33) 43 (46)

NET in T (P ) 100 (100) 62 (82)

δT/T [μK/K] in T (P ) 2.1 (3.4) 1.6 (2.9)

Frequency (GHz) 217 353

FWHM in T (P ) 4.6 (4.6) 4.7 (4.6)

N of B in T (P ) 4 (8) 4 (8)

EB in T (P ) 72 (63) 99 (102)

NET in T (P ) 91 (132) 277 (404)

δT/T [μK/K] in T (P ) 3.4 (6.4) 14.1 (26.9)

Frequency (GHz) 545 857

FWHM in T 4.7 4.3

N of B in T 4 4

EB in T 169 257

NET in T 2000 91000

δT/T [μK/K] in T 106 4243
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low CMB quadrupole in temperature could more generally signal odd point-Parity, i.e.

suppression of even multipoles. However they claim that WMAP dataset never supports
Parity preference beyond the meagre 95% confidence level. Later, [59] found that the
Parity symmetry in the temperature map of WMAP 3 and 5 year data is anomalous at
the level of 4 out of 1000 in the range δℓ = [2, 18]. This analysis have been repeated in the
WMAP 7 year data confirming the anomaly at same level for a slightly wider range δℓ =
[2, 22] [60]. We report in this paper that analysis and its extension to polarization [61].
In fact, the CMB polarization pattern can provide information on symmetry-violating
physics beyond the standard model.

In general, the breakdown of spacetime symmetries is a potential tracer of new
physics [62]. Several models exist that predict non-standard P and CP violations (“C”
standing for charge conjugation), as well as CPT violations (“T ” being time reversal)
and the related (through the anti-CPT theorem [63, 64]) breakdown of Lorentz invari-
ance. A number of tests have been suggested and (in many cases) performed, either in
terrestrial and orbital laboratories [65, 66] or through cosmological observations [67-69].
These violations may also be seen as anomalies the CMB polarization pattern, since its
statistical properties are constrained by the assumption of symmetry conservation.

The paper is organized as follows. In sect. 2 we describe the basic formalism, the
performed analysis, and the relevant symmetry estimators. Current results on symmetry
estimators based on WMAP data are given in sect. 3 while in sect. 4 we focus on the im-
plications for birefringence. The forecasts for Planck about these topics are provided in
sect. 5. The precise extraction of the cosmological information from microwave observa-
tions requires an extremely accurate and efficient data analysis and a careful separation
of CMB and astrophysical emissions (see, e.g., [70] for a discussion of this topics in the
context of the Planck surveys). Finally, our conclusions are drawn in sect. 6.

2. – Description of the analysis

2
.
1. Introduction. – All-sky temperature maps, T (n̂), are usually expanded in Spher-

ical Harmonics Yℓm(n̂), with n̂ being a direction in the sky, namely depending on the
couple of angles (θ, φ):

(1) aT,ℓm =

∫

dΩY ⋆
ℓm(n̂)T (n̂),

where aT,ℓm are the coefficients of the Spherical Harmonics expansion and dΩ =
dθdφ sin θ. Under reflection (or Parity) symmetry (n̂ → −n̂), these coefficients behave
as

(2) aT,ℓm → (−1)ℓ aT,ℓm .

Analogously for polarizations maps, taking into account the usual combination of
Stokes parameters (Q(n̂) and U(n̂))

a±2,ℓm =

∫

dΩY ⋆
±2,ℓm(n̂) (Q(n̂) ± iU(n̂)),(3)

where Y±2,ℓm(n̂) are the Spherical Harmonics of spin 2 and a±2,ℓm are the corresponding
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coefficients, it is possible to show that under Parity

aE,ℓm → (−1)ℓ aE,ℓm,(4)

aB,ℓm → (−1)ℓ+1 aB,ℓm,(5)

where

aE,ℓm = −(a2,ℓm + a−2,ℓm)/2,(6)

aB,ℓm = −(a2,ℓm − a−2,ℓm)/2i.(7)

Equations (2), (4) and (5) show that the cross-correlations CTB
ℓ = CEB

ℓ = 0.
Further details can be found for example in [71], [72] and explicit algebra is present

in the Appendix of [61].
In order to evaluate the angular power spectrum (APS) we adopt the quadratic maxi-

mum likelihood (QML) estimator, introduced in [73] and extended to polarization in [74].
Further details can be found in [75].

2
.
2. Angular power spectrum estimation, data set and simulations. – In order to eval-

uate the angular power spectrum (APS) we adopt the quadratic maximum likelihood
(QML) estimator, introduced in [73] and extended to polarization in [74]. Further de-
tails can be found in [75]. Now, we describe the data set that we have considered. We use
the temperature ILC map smoothed at 9.8 degrees and reconstructed at HEALPix(3) [76]
resolution Nside = 16, the foreground cleaned low resolution maps and the noise covari-
ance matrix in (Q, U) publicly available at the Legacy Archive for Microwave Background
Data Analysis (LAMBDA) website(4) for the frequency channels Ka, Q and V as con-
sidered by [31] for the low ℓ analysis. These frequency channels have been co-added as
follows [77]:

(8) mtot = Ctot

(

C−1

KamKa + C−1

Q mQ + C−1

V mV

)

,

where mi, Ci are the polarization maps and covariances (for i = Ka, Q and V) and

(9) C−1
tot = C−1

Ka + C−1

Q + C−1

V .

This polarization data set has been extended to temperature considering the ILC map.
We have added to the temperature map a random noise realization with variance of
1 μK2 as suggested in [78]. Consistently, the noise covariance matrix for TT is taken to
be diagonal with variance equal to 1μK2.

We have also performed Monte-Carlo simulations in order to assess the significance
of our results. A set of 10000 CMB + noise sky realizations has been generated: the
signal extracted from the WMAP 7 years best fit model, the noise through a Cholesky
decomposition of the noise covariance matrix. We have then computed the APS for each
of the 10000 simulations by means of BolPol and build two figures of merit as explained
in the next subsection.

(3) http://healpix.jpl.nasa.gov/

(4) http://lambda.gsfc.nasa.gov/
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2
.
3. Estimators. – We define the following quantities:

(10) CX
+/− ≡

1

(ℓmax − 1)

+/−
∑

ℓ=2,ℓmax

ℓ(ℓ + 1)2π ĈX
ℓ ,

where ĈX
ℓ are the estimated APS obtained with the BolPol code [75] for the power

spectrum X = TT, TE, EE and BB. The sum is meant only over the even or odd ℓ (and
this is represented respectively by the symbol + or −) with ℓmax ≥ 3.

Therefore, two estimators can be built from eq. (10) as follows: the ratio RX , as
performed in [59] or [60],

(11) RX = CX
+ /CX

− ,

and, in analogy to what performed for the hemispherical symmetry in [41], the difference
DX

(12) DX = CX
+ − CX

− ,

of the two aforementioned quantities. In the following, we drop the index X for R and
D specifying every time we use them which is the spectrum they refer to.

For our application to WMAP data, both estimators have been considered for the TT
spectrum but only the second one for the other spectra (EE, TE and BB). This is due
the unfavorable signal-to-noise ratio of the WMAP data in polarization.

For X = TB and EB we simply use the average power

(13) CX ≡
1

(ℓmax − 1)

∑

ℓ=2,ℓmax

ℓ(ℓ + 1)

2π
ĈX

ℓ .

3. – Results

In fig. 1 we show the estimator R and D for TT averaged in δℓ = [2, 22] and in
δℓ = [2, 33]. The probability to obtain a smaller value than the WMAP one is 0.47% for
R in the range δℓ = [2, 22] and 3.17% in the range δℓ = [2, 33]. For the D estimator the
probability is 0.63% in the range δℓ = [2, 22] and 3.17% in the range δℓ = [2, 33]. The
upper left panel of fig. 1 recovers the same level of anomaly claimed in [60].

In fig. 2 we plot the percentage related to the WMAP 7 y Parity anomaly for TT
versus ℓmax in the range [10,40] for the two considered estimators. As evident there is
not a single ℓmax for which the TT anomaly shows up, but rather a characteristic scale,
see also [60]. For the estimator of eq. (11) the percentage anomaly is well below 1% for
almost any choice of ℓmax in the range [15,25](5). As also shown in fig. 2, the estimator of
eq. (12) follows closely the other estimator although it is slightly less sensitive. Therefore,
we find a whole multipole range, rather than a single ℓmax value, where the WMAP 7 y
Parity anomaly holds. This dims significantly the case for posterior biasing.

(5) Only for ℓmax = 21 the estimator of eq. (11) exhibits a percentage which is of the order of
1%.
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Fig. 1. – TT. Counts (y-axis) vs. the estimator (x-axis). Upper histograms: Ratio for the range
δℓ = [2, 22] (left panel) and for the range δℓ = [2, 33] (right panel). Lower histograms: Difference
for the range δℓ = [2, 22] (left panel) and for the range δℓ = [2, 33] (right panel). Units for the
estimator D are μK2. The vertical line stands for the WMAP 7 year value.

In table II we provide the results for EE, TE and BB. As mentioned above, only D is
considered and computed for the four following multipoles range δℓ = [2, 4], [2, 8], [2, 16]
and [2, 22]. No anomalies have been found and compatibility with Parity symmetry is
obtained.

In table III we provide the results for EB and TB where the estimator C is considered
and computed for the same aforementioned four multipoles range. Both the spectra are
well consistent with zero. Only the EB spectrum shows a mild anomaly in the range
δℓ = [2, 22] at the level of 97.7%. This is due to five estimates from ℓ = 18 to ℓ = 22 that

10 15 20 25 30 35 40
0

1

2

3

4

5

6

Fig. 2. – TT. Percentage of the WMAP 7 y value (y-axis) vs. ℓmax (x-axis). Blue line is for the
ratio and the red line for the difference. This analysis shows that there is no single ℓmax for
which the TT anomaly shows up, but rather suggests the existence of a characteristic scale, see
also [60].
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Table II. – Probabilities (in percentage) to obtain a smaller value than the WMAP 7 y one.

D δℓ = [2, 4] δℓ = [2, 8] δℓ = [2, 16] δℓ = [2, 22]

EE 93.09 76.21 44.27 46.61

TE 56.35 38.88 24.79 22.77

BB 7.97 13.42 11.70 44.31

are systematically larger than zero. When these points are excluded this mild anomaly
drops. For example in the range δℓ = [2, 16] the probability to obtain a smaller value
than the WMAP one is 55.35%. The latter two estimators are shown in fig. 3.

4. – Birefringence

As shown above, if the physics controlling CMB fluctuations is Parity conserving then
the cross spectra CTB

l and CEB
l must vanish due to the different handedness of the B

and (T, E) harmonics. Therefore, if the standard cosmological model holds, we should
expect no relevant information from TB and EB. On the other hand, detection of non-
zero primordial TB and/or EB may probe fundamental physics in the early universe,
such as the presence of a primordial homogeneous [79] or helical [80, 81] magnetic field
which would induce Faraday rotation and non-zero TB correlations. Parity-asymmetric
gravity dynamics during inflation may generate a discrepancy among left and right-
handed gravitational waves, so that TB and EB are non-zero [82, 83]. Particle physics
models with non-standard Parity-violating interactions also predict non-vanishing TB
and EB signals [84-86].

In this section we focus on a class of models that exhibit Parity violations in the photon
sector [87]. A Chern-Simons term can be introduced in the effective Lagrangian [68,69]:

∆L = −
1

4
pμǫμνρσFρσAν ,

where Fμν is the Maxwell tensor and Aμ the 4-potential. The 4-vector pμ may be
interpreted as the derivative of the quintessence field or the gradient of a function of the
Ricci scalar [88,89]. In either case a P violation always arises provided that p0 is non-zero,
while C and T remain intact. Hence, CP and CPT symmetries are also violated, as well
as Lorentz invariance, since pμ picks up a preferred direction in space-time. The net effect
on a propagating photon is to rotate its polarization direction by an angle ∆α, hence
the name “cosmological birefringence”. Historically, the effect has being constrained by
measuring polarized light from high redshift radio galaxies and quasars [68, 69, 90-94].

Table III. – Probabilities (in percentage) to obtain a smaller value than the WMAP 7 y one.

C δℓ = [2, 4] δℓ = [2, 8] δℓ = [2, 16] δℓ = [2, 22]

TB 51.78 39.42 6.71 10.55

EB 62.73 69.83 55.35 97.70
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Fig. 3. – EB. Counts (y-axis) vs. the estimator C (x-axis). Distribution of C for δℓ = [2, 22] (left
panel) and δℓ = [2, 16] (right panel). Units are μK2. The vertical line stands for the WMAP
7 y data.

Obviously, the CMB photons would also be affected and, due to their longer journey,
may get a larger rotation. A consequence for the CMB pattern is the mixing of E and
B modes: the TB and EB correlations still vanish at last scattering surface, but the
observable CMB spectra are distorted as [82,83,95]:

C ′TB
l = CTE

l sin 2∆α,(14)

C ′EB
l =

1

2

(

CEE
l − CBB

l

)

sin 4∆α,(15)

C ′TE
l = CTE

l cos 2∆α,(16)

C ′EE
l = CEE

l cos2 2∆α + CBB
l sin2 2∆α,(17)

C ′BB
l = CBB

l cos2 2∆α + CEE
l sin2 2∆α,(18)

where the primed quantities are rotated. In [32] a limit ∆α = 0.9◦±1.4◦ was derived for
the multipole range δℓ = [23, 800], whereas for δℓ = [2, 23] they find ∆α = −3.8◦ ± 5.2◦.
The reason for this distinction is that the low ℓ polarization pattern is only influenced
by the reionization epoch, which happened at redshift z ≃ 10. The primary fluctuations
at higher multipoles, on the other hand, can be traced to last scattering at z ≃ 1100 so
the corresponding angular scales allow for a much longer journey of the CMB photons.
A slightly more stringent limit based on QUaD(6) data has been set in [96] as ∆α =
0.83◦ ± 0.94◦ ± 0.5◦, the second error being systematic.

5. – Planck forecast

In this section we discuss how Planck will improve the present constraints on the
symmetry violations discussed above. We first take into account the case of the low ℓ
Parity anomaly. We then discuss briefly the case of birefringence.

5
.
1. Simulated dataset . – We consider the white noise level for 143 GHz channel of

Planck. As in [41], we consider the nominal sensitivity of the Planck 143 GHz channel,

(6) QUaD stands for “QUEST at DASI”. In turn, QUEST is “Q & U Extragalactic Survey
Telescope” and DASI stands for “Degree Angular Scale Interferometer”.



106 P. NATOLI, C. BURIGANA, A. GRUPPUSO and N. MANDOLESI

0 1 2 3 4

0

100

200

300

400

500

0 1 2 3 4

0

100

200

300

400

500

Fig. 4. – EE. Counts (y-axis) vs. the estimator R (x-axis). Distribution of R for δℓ = [2, 22]
(left panel) and δℓ = [2, 16] (right panel).

taken as representative of the results which can be obtained after the foreground cleaning
from various frequency channels. The 143 GHz channel has an angular resolution of 7.1′

(FWHM) and an average sensitivity of 6μK (11.4μK) per pixel—a square whose side is
the FWHM size of the beam—in temperature (polarization), after 2 full sky surveys. We
assume uniform uncorrelated instrumental noise and we build the corresponding diago-
nal covariance matrix for temperature and polarization, from which, through Cholesky
decomposition we are able to extract noise realizations. For this low noise level we apply
the same procedure adopted for the Monte Carlo simulations in subsect. 2

.
2.

5
.
2. Forecasts. – From the set of 10000 CMB + noise sky realizations, we find that:

The T based estimators (both R and D) do not change much since at large scale the APS
for T is dominated by cosmic variance and not by the noise. For EE, TE and BB it is
possible to consider even the R estimator. See for example fig. 4 where the R estimator
is computed for EE in the range δℓ = [2, 22] (left panel) and δℓ = [2, 16] (right panel).
The standard deviations for the D and C are evaluated in table IV for δℓ = [2, 22] and
compared to the WMAP 7 y ones.

The case of birefringence has been investigated in [97] where the expected standard
error for Planck in constraining the rotation angle α is given as ∆α = 0.057◦. Note

Table IV. – Upper Table: standard deviation for the D estimator computed in the range δℓ =
[2, 22]. Lower Table: standard deviation for the C estimator computed in the range δℓ = [2, 22].
Units are μK2

.

σD WMAP 7 y Planck

TT 1517.17 1509.21

TE 20.19 9.08

EE 0.65 0.10

BB 0.69 0.04

σC WMAP 7 y Planck

TB 0.95 0.19

EB 0.023 0.001
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however that this error purely considers the noise level. Realistic measurements of α
may be affected by systematic errors, especially arising from the uncertainties in the
orientation of the polarimeters. The latter need to be properly taken into account [98].

6. – Conclusions

The Planck satellite is measuring CMB anisotropies and their polarization with a level
of precision that will remain unparalleled for many years to come. The results derived
from the Planck dataset will set a benchmark for precision cosmology. In this paper we
have focused on fundamental information that the CMB may reveal about the breaking
of fundamental discrete symmetries in the early universe. We have reviewed the present
constraints, due to WMAP, for the cases of a hinted low resolution Parity anomaly as
well as for cosmic birefringence. For the latter, the QUaD dataset has provided the
most stringent limits to date. We have also presented Planck forecasts. Planck may be
able to confirm or deny the existence of the low resolution Parity anomaly. Moreover,
it is expected to greatly improve the knowledge of the polarization pattern of the CMB.
Planck will also probe photon birefringence, improving the present constraints by over
an order of magnitude.
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Summary. — The MINOS experiment is a long-baseline neutrino oscillation ex-
periment, which utilizes neutrinos from the Fermilab NuMI muon neutrino beam.
The neutrino flux from this beamline is studied before and after oscillation with two
separate magnetized tracking calorimeter detectors. MINOS has recently carried out
several studies in the field of neutrino oscillations, using 7.2×1020 protons on target
of neutrino data, and 1.71 × 1020 protons on target of antineutrino data. These
studies include a precision study of the atmospheric neutrino oscillation parameters
sin2(2θ23) and |∆m

2
23|, a comparative study of the atmospheric antineutrino oscil-

lation parameters sin2(2θ̄23) and |∆m̄
2
23|, an attempt to measure θ13 by looking for

νµ → νe oscillations, and a search for oscillations to an additional sterile state.

PACS 14.60.Pq – Neutrino mass and mixing.
PACS 14.60.Lm – Ordinary neutrinos (νe, νµ, ντ ).
PACS 29.27.-a – Beams in particle accelerators.

1. – The MINOS experiment

The MINOS experiment studies neutrinos provided by the Fermilab NuMI beamline
using both a Near and a Far Detector, which measure the flux of these neutrinos, respec-
tively before and after oscillations. The NuMI beamline [1] is an on-axis muon neutrino
beamline. Neutrino production begins when the Main Injector collides 120 GeV protons
with a graphite target, producing pions and kaons. These hadrons are then focused by
two separate magnetic focusing horns. K− and π− are focused to create a neutrino beam,
while K+ and π+ are focused to create an antineutrino beam. The hadrons then travel
down a 675 m long decay pipe. The final product is a beamline with 91.7% νµ, 7.0% ν̄µ,
and 1.3% νe and ν̄e. The current in the focusing horns, along with the relative positions
of the target and horns, can be adjusted to create different beam configurations. The
beam is normally run in “low energy” mode to produce a beam peak at 3.1 GeV (rms
1.1 GeV), in order to best explore the region of atmospheric oscillations [2]. The analyses
discussed in this paper employ 7.2 × 1020 protons on target worth of neutrino data, and
1.71 × 1020 protons on target worth of antineutrino data.

c© Società Italiana di Fisica 111
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The neutrinos are then studied by two separate functionally equivalent magnetized
tracking calorimeter detectors [3]. The Near Detector is smaller (with a 0.029 kT fidu-
cial mass) and is situated 1 km down the beamline at Fermilab; this detector measures
neutrinos in their unoscillated state. The beam then travels 735 km northwest through
the Earth to the Far Detector in Soudan, Minnesota. This detector has a larger mass
of 4.0 kT and is located (for cosmic shielding purposes) at a depth of 2100mwe. The
Far Detector is intended to measure neutrinos after they have oscillated. Both detectors
consist of a series of octagonal planes with two separate layers: first, a layer of l inch
thick steel, which forms the target mass for neutrino interaction, and second, a layer
of 1 cm thick by 4 cm wide strips of plastic scintillator, which collect photons from the
interactions. The detectors are also magnetized with a 1.3 T field, to allow discrimination
between muon tracks from νµ and ν̄µ.

2. – Recent analysis results from MINOS

2
.
1. νµ disappearance. – The MINOS detectors have been primarily designed to look

for the disappearance of muon neutrinos. The survival probability for muon neutrino
oscillation is as follows:

P(νµ → νµ) = 1 − sin2(2θ23) sin2(1.27∆m2
32L/E).(1a)

It is presumed that the remainder of the muon neutrinos oscillate to tau neutrinos; tau
neutrinos are not directly observed in MINOS, however (due to the high production
threshold for τ), so this oscillation is seen as disappearance. MINOS, having a fixed
oscillation length L and energy range E, is capable of searching for the behavior in
eq. (1) to make a precision measurement of the oscillation parameters θ23 and ∆m2

32.
Muon neutrinos are detected in MINOS via νµ Charged Current interactions, which leave
a hadronic shower and a distinctive muon track. The Near Detector spectrum is used to
make a prediction of the spectrum at the Far Detector in the absence of oscillations. The
(presumably oscillated) data spectrum is then compared to the unoscillated prediction.
For this analysis, 2451±60 events are predicted in the Far Detector without oscillations,
and 1986 events are observed in the data. The predicted and data spectra, along with
their ratio, can be seen in fig. 1. When a fit for the oscillation in eq. (1) is performed, best
fit values of |∆m2

32| = 2.32+0.12
−0.08×10−3 eV2 and sin2(2θ23) > 0.90 (90% CL) are obtained,

along with the allowed regions in fig. 2. Comparisons to the previous Super-K [4,5] and
K2K results [6] are also shown. This MINOS result is the most precise measurement of
these parameters to date. The νµ → ντ hypothesis is also well-supported by the data,
with the alternative hypotheses of pure decoherence [7] and pure decay [8] ruled out
respectively at greater than 9 and 7 sigma. Further details of this analysis can be found
in reference [9].

2
.
2. ν̄µ disappearance. – In addition to this precision study of neutrino oscillation,

MINOS also has the unique ability to do a direct comparative measurement of the an-
tineutrino oscillation parameters θ̄23 and ∆m̄2

32:

P(ν̄µ → ν̄µ) = 1 − sin2(2θ̄23) sin2(1.27∆m̄2
32L/E).(2a)

As stated earlier, the current in the NuMI focusing horn can be reversed to focus the
opposite charge sign of hadrons, producing a beam with an enhanced antineutrino



THE LATEST RESULTS FROM THE MINOS OSCILLATION EXPERIMENT 113

E
v
e
n
ts

 /
 G

e
V

0

100

200

300

MINOS Far Detector

Fully reconstructed events

 

Data

No oscillations

Best oscillation fit

Neutral current background

Reconstructed neutrino energy (GeV)

R
a

ti
o

 t
o

 n
o

 o
s
c
ill

a
ti
o

n
s

0

0.5

1

0 5 10 15 20 30 50

Data/Monte Carlo ratio

Best oscillation fit

Best decay fit

Best decoherence fit

Fig. 1. – The top plot shows the predicted and observed energy spectra distributions for fully
reconstructed νµ Charged Current events in the MINOS Far Detector. The dashed line indicates
the prediction for the no-oscillation case. The solid line shows the best fit for oscillations. The
black markers indicate the data distribution. The bottom plot shows the background-subtracted
ratio of the data and the no-oscillation prediction, with best fits for oscillation, decoherence,
and decay. This plot is for an exposure of 7.2 × 1020 protons on target.

)θ(22sin
0.6 0.7 0.8 0.9 1.0

)
2

 e
V

-3
| 
(1

0
2

m
∆|

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 

MINOS 90%

MINOS 68%

MINOS best oscillation fit

Super-K 90%

Super-K L/E 90%

K2K 90%

Fig. 2. – 90% and 68% CL for allowed regions of sin2(2θ23) and |∆m
2
32| for the 2010 MINOS

analysis. Previous results from Super-K [4,5] and K2K [6] are shown for comparison.



114 R. TONER for the MINOS COLLABORATION

Reconstructed Energy (GeV)

E
ve

n
ts

 /
 G

e
V

0

10

20

30

0 5 10 20 30 40 50

MINOS Far Detector

Data

No oscillations

Best oscillation fit
 best fitop

Background

Fig. 3. – Predicted and observed energy spectra distributions for fully reconstructed ν̄µ Charged
Current events in the MINOS Far Detector. The black dashed line indicates the prediction for
the no-oscillation case. The black markers indicate the observed spectrum. The solid black
line shows the best fit for antineutrino oscillations. The grey dashed line shows the expected
distribution if the same best fit values as the neutrino analysis were obtained.

)s(22) and sins(22sin

0.5 0.6 0.7 0.8 0.9 1

)
2

 e
V

-3
| 
(1

0
2

m F
| 
a
n
d
 |

2
mF|

2

3

4

5

6

-310·
 90% C.L.opMINOS 

 68% C.L.opMINOS 

 fitopBest 

 POT20 10·1.71 

 90% C.L.opMINOS 

 68% C.L.opMINOS 

 fitopBest 

 POT20 10·7.25 

Fig. 4. – 90% (solid line) and 68% CL (dashed line) for allowed regions of sin2(2θ23) and |∆m
2
32|

for antineutrino (black) and neutrino (grey) oscillations, with best fits.



THE LATEST RESULTS FROM THE MINOS OSCILLATION EXPERIMENT 115

flux. Muon antineutrinos can then be separated from muon neutrinos by examin-
ing the curvature of the µ−(+) track from a muon neutrino Charged Current inter-
action. The Near Detector selection is again used to make a prediction of the un-
oscillated muon antineutrino Far Detector spectrum. 156 events are expected, while
97 are observed, as seen in fig. 3. For this analysis, the final result is dominated by
low statistics, including a 30% uncertainty on contamination by the muon neutrino
background. Best fit values of |∆m2

32| = 3.36+0.46
−0.40(stat.) ± 0.06(syst.) × 10−3 eV2 and

sin2(2θ23) = 0.86+0.11
−0.12(stat.) ± 0.01(syst.) are obtained. As can be seen in contour in

fig. 4, there is some tension between this result and the earlier neutrino oscillation result,
with the two measurements consistent at the 2.0% confidence level (for identical true
oscillation parameters). An effort will be made in 2011 to double the 1.71×1020 protons
on target antineutrino data set which was used in this analysis. Further details of the
current analysis can be found in [10].

2
.
3. νµ → νe oscillations. – The standard explanation for νµ disappearance is os-

cillation to tau neutrinos. This does not rule out other modes of oscillation, and in
particular, the oscillation of muon neutrinos to electron neutrinos. Observing this mode
of oscillation would allow MINOS to set a limit or possibly make a measurement of the
as-yet-unmeasured mixing angle θ13. A non-zero θ13 in turn would allow for the possibil-
ity of neutrinos exhibiting CP violation. The two-neutrino approximation of this mode
is the following:

P(νµ → νe) ≈ sin2(2θ13) sin2(2θ23) sin2(1.27∆m2
32L/E).(3a)

The current best limit for θ13 comes from the CHOOZ reactor experiment, which finds
sin2(2θ13) <∼ 0.16 (at the current MINOS best-fit limit for ∆m2

32) [11]. Unlike a reactor
experiment like CHOOZ, however, the MINOS measurement of θ13 is also dependent
on the CP violation phase δCP, sin2(2θ23), and the choice of mass hierarchy (normal or
inverted).

A MINOS observation of νµ → νe is difficult, due in large part to a small expected sig-
nal (νe Charged Current events) and a large expected background contamination (mostly
from Neutral Current hadronic shower events). To separate signal from background, a
series of preselection cuts are applied, followed by a particle ID consisting of an artificial
neural network trained on eleven separate variables quantifying event shape and energy
profile. These cuts have an efficiency of 40% for νe signal events and result in a pre-
dicted Far Detector sample with a purity of Signal:Background = 1:2 for a CHOOZ-size
signal. This set of selection cuts is applied to the Near Detector to make a prediction
of the amount of background expected at the Far Detector. The predicted Far Detector
background is 49.1 ± 7(stat.) ± 2.7(syst.) events. 54 events are observed, corresponding
to a non-signficant excess of 0.7σ. The resulting contours can be seen in fig. 5. Assuming
2 sin2(θ23) = 1, δCP = 0, and |∆m2

32| = 2.43 × 10−3 eV2, MINOS finds sin2(2θ13) < 0.12
for the normal hierarchy, and sin2(2θ13) < 0.20 for the inverted hierarchy. Further details
of this analysis can be found in ref. [12].

2
.
4. Looking for a sterile neutrino. – Muon neutrinos in MINOS could also potentially

be oscillating to other “sterile” neutrino flavors. The cross section for Neutral Current
interactions is the same for all three neutrino flavors. For a three neutrino scenario,
in which all three neutrinos interact, there will therefore be no change in the rate of
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contours are shown for both the normal (top) and inverted (bottom) hierarchies, and assume
|∆m

2
32| = 2.43×10−3 eV2. This study was done for an exposure of 7.0×1020 protons on target.

NC events at the Far Detector due to oscillation. If there is oscillation to sterile states,
however, there will be a deficit in the number of observed Neutral Current events.

A selection designed to select Neutral Current hadronic shower events is applied to
the Near Detector to predict the rate of NC events at the Far Detector. 754±28(stat.)±
37(syst.) events are expected at the Far Detector (assuming the mixing angle θ13 = 0),
and 802 events are observed. The observed distribution, as compared to the expected
distribution, can be seen in fig. 6. The ratio of observed to expected NC candidate events
is found to be R = 1.09 ± 0.06(stat.) ± 0.05(syst.) − 0.08(νe) (where the final term is
derived from the MINOS 90% CL limit on the value of θ13). A limit is therefore placed
on the fraction fs of disappearing νµs which could be oscillating to a sterile state. This
limit is fs < 0.22, and fs < 0.40 in the presence of νµ → νe oscillations, at 90% CL The
full details of this analysis can be found in [13].
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Fig. 6. – (Colour online) The Far Detector NC selected spectrum. The black markers indicate
the data. The solid line (red) indicates the best fit (with error bars) for the case where θ13 = 0,
and the dotted line (blue) shows the best fit for θ13 = 11.5◦ (the MINOS best fit). The expected
νµ CC background is also shown. This plot is for an exposure of 7.2 × 1020 protons on target.

3. – Conclusion

The MINOS experiment has carried out an extensive research program looking at
neutrino oscillations in several different parts of the atmospheric sector. By looking at the
disappearance of muon neutrinos (νµ → νx) MINOS has placed the most precise limits on
the mixing parameters ∆m2

32 and sin2(2θ23) to date, with |∆m2
32| = 2.32+0.12

−0.08×10−3 eV2

and sin2(2θ23) > 0.90 at 90% CL Additionally, a measurement was also made of the
equivalent antineutrino mixing parameters, finding best fits |∆m2

32| = 3.36+0.46
−0.40(stat.) ±

0.06(syst.) × 10−3 eV2 and sin2(2θ23) = 0.86+0.11
−0.12(stat.) ± 0.01(syst.) The neutrino and

antineutrino are consistent at the 2.0% confidence level. In order to resolve this tension,
an attempt will be made in 2011 to double the amount of antineutrino data. A search
for oscillation to sterile neutrinos was also conducted, looking for a deficit in the rate
of Neutral Current events in the Far Detector. No signficant evidence of this oscillation
mode was found, with the total fraction of muon neutrino disappearance caused by
oscillation to sterile states being < 0.22 at 90% CL. Finally, an attempt was also made
to search for νµ → νe oscillations to measure the mixing angle θ13. This study found
that (for 2 sin2(θ23) = 1, δCP = 0, and |∆m2

32| = 2.43 × 10−3 eV2) sin2(2θ13) < 0.12 for
the normal hierarchy, and sin2(2θ13) < 0.20 for the inverted hierarchy. This result will
also be followed up in 2011 in a new analysis which will incorporate both new data and
improved analysis techniques.
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Summary. — The OPERA experiment in the underground Gran Sasso Laboratory
(LNGS) has been designed to perform the first detection of neutrino oscillations in
direct appearance mode in the muon neutrino to tau neutrino channel. The detector
is hybrid, being made of an emulsion/lead target and of electronic detectors. It is
placed in the CNGS neutrino beam 730 km away from the neutrino source. Runs
with CNGS neutrinos were successfully carried out in 2008, 2009, and 2010. After
a brief description of the beam and the experimental setup, we report on event
analysis of a sample of events corresponding to 1.89 × 1019 p.o.t. in the CERN
CNGS νµ beam that yielded the observation of a first candidate ντ CC interaction.
The topology and kinematics of this candidate event are described in detail. The
background sources are explained and the significance of the candidate is assessed.

PACS 13.15.+g – Neutrino interactions.
PACS 14.60.Pq – Neutrino mass and mixing.
PACS 29.40.Gx – Tracking and position-sensitive detectors.
PACS 29.40.Rg – Nuclear emulsions.

1. – Introduction

Two types of experimental methods can be used to detect neutrino oscillations: ob-
serving the appearance of a neutrino flavour initially absent in the beam or measuring
the disappearance rate of the initial flavour. In the latter case, one must know the flux
of the beam precisely. In this type of experiment one explores whether less than the
expected number of neutrinos of a produced flavour arrives at a detector or whether the
spectral shape changes if observed at various distances from a source. Since the final
state is not observed, disappearance experiments cannot tell into which flavor a neutrino
has oscillated. An appearance experiment searches for possible new flavours of neutrino,
which does not exist in the original beam, or for an enhancement of an existing neutrino
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flavour. The identification of the flavour relies on the detection of the corresponding
lepton produced in its charged current (CC) interactions: νlN → l

−
X with l = e, µ, τ

and where X denotes the hadronic final state.

In the past two decades, several experiments carried out with atmospheric and accel-
erator neutrinos, as well as with solar and reactor neutrinos, have established the picture
of a three-neutrino oscillation scenario with two large mixing angles. Atmospheric sector
flavor conversion was first established by the Super-Kamiokande [1] and MACRO [2] ex-
periments and then confirmed by the K2K [3] and MINOS [4] longbaseline experiments.
The CHOOZ [5] and Palo Verde [6] reactor experiments excluded indirectly the νµ → νe

channel as the dominant process in the atmospheric sector. However, the direct obser-
vation of flavour transition through the detection of the corresponding lepton has never
been observed. Appearance of ντ will prove unambiguously that νµ → ντ oscillation is
the dominant transition channel at the atmospheric scale.

The OPERA experiment [7] has been designed to directly observe the appearance of
ντ in a pure νµ beam on an event by event basis. The ντ signature is given by the decay
topology and kinematics of the short lived τ

− leptons produced in the interaction of
ντN → τ

−
X and decaying to one prong (µ, e or hadron) or three prongs, which are [8]:

τ
−
→ µ

−
νµν̄τ with BR = 17.36 ± 0.05%,

τ
−
→ e

−
νeν̄τ with BR = 17.85 ± 0.05%,

τ
−
→ h

−(nπ
0)ν̄τ with BR = 49.52 ± 0.07%,

τ
−
→ 2h

−
h

+(nπ
0)ν̄τ with BR = 15.19 ± 0.08%.

2. – The neutrino beam

The CNGS νµ beam produced by the CERN-SPS is directed towards the OPERA
detector, located in the Gran Sasso underground laboratory (LNGS) [9] in Italy, 730 km
away from the neutrino source at CERN. In order to study νµ → ντ oscillations in
appearance mode as indicated in the atmospheric neutrino sector, the CERN Neutrinos
to GranSasso (CNGS) neutrino beam [10] was designed and optimized by maximizing
the number of ντ CC interactions at the LNGS.

The average νµ beam energy is 17 GeV, well above tau production energy treshold.
The ν̄µ contamination is ∼ 4% in flux, 2.1% in terms of interactions. The νe and ν̄e

contaminations are lower than 1%, while the number of prompt ντ from Ds decay is
negligible. The average L/Eν ratio is 43 km/GeV, suitable for oscillation studies at
atmospheric ∆m

2. Due to the Earth’s curvature neutrinos from CERN enter the LNGS
halls with an angle of about 3◦ with respect to the horizontal plane.

With a nominal CNGS beam intensity of 4.5×1019 protons on target (p.o.t.) per year,
and assuming ∆m

2
23 = 2.5 × 10−3 eV2 and full mixing, about 10 ντ events are expected

to be observed in OPERA in 5 years of data taking, with selection criteria reducing the
background to 0.75 events.

The goal is to accumulate a statistics of neutrino interactions correspomding to 22.5×
1019 p.o.t. in 5 years. The 2008, 2009 and 2010 runs achieved a total intensity of
1.78 × 1019, 3.52 × 1019 and 4.04 × 1019 p.o.t. respectively. Within these three years,
neutrinos produced 9637 beam events. The processing of these events, particularly the
scanning of emulsion films, is continuously going on. The 2011 run started on May 2011
and is still in progress.
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Fig. 1. – View of the OPERA detector; the neutrino beam enters from the left. Arrows show
the position of detector components, the VETO planes, the target and TT, the drift tubes (PT)
laid out along the XPC, the magnets and the RPC installed between the magnet iron slabs.
The Brick Manipulator System (BMS) is partly shown.

At the CNGS energies the average τ
− decay length is submillimetric, so OPERA uses

nuclear emulsion films as high precision tracking device in order to be able to detect such
short decays. Emulsion films are interspaced with 1 mm thick lead plates, which act as
neutrino target and form the largest part of the detector mass. This technique is called
Emulsion Cloud Chamber (ECC). It was successfully used to establish the first evidence
for charm in cosmic rays interactions [11] and in the DONUT experiment [12] for the
first direct observation of the ντ . To date, nine ντ CC interactions have been observed
by DONUT produced by a fixed target 800 GeV proton beam configuration.

3. – The OPERA detector

OPERA is a hybrid detector made of two identical Super Modules (SM1 and SM2),
each one formed by a target section and a muon spectrometer as shown in fig. 1. Each tar-
get section is organized in 31 vertical “walls”, transverse to the beam direction. Walls are
filled with “ECC bricks” with an overall mass of 1.25 kton. They are followed by double
layers of scintillator planes acting as Target Trackers (TT) that are used to locate neutrino
interactions occurred within the target. A target brick consists of 56 lead plates of 1 mm
thickness interleaved with 57 emulsion films. The lead plates serve as neutrino interaction
target and the emulsion films as 3-dimensional tracking detectors providing track coordi-
nates with a sub-micron accuracy and track angles with a few mrad accuracy. The mate-
rial of a brick along the beam direction corresponds to about 10 radiation length and 0.33
interaction length. The brick size is 10 cm×12.5 cm×8 cm and its weight is about 8.3 kg.



122 U. KOSE on behalf of OPERA COLLABORATION

 p x charge (GeV/c) 
-40 -30 -20 -10 0 10 20 30 40

 E
v
e
n

ts
 

-3
10

-2
10

-1
10

Reconstructed Bjorken-y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
v

e
n

ts

0

20

40

60

80

100

120

140

160

180

200

220

240

Reconstructed Bjorken-y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
v

e
n

ts

0

20

40

60

80

100

120

140

160

180

200

220

240
QE + RES

DIS

NC

Fig. 2. – Right: Muon charge comparison (momentum×charge): data (black dots with error
bars) and MC (solid line) are normalised to one. Left: Bjorken-y variable reconstructed in data
(dots with error bars) and MC (shaded areas). The MC distributions are normalised to data.
The different contributions of the MC are shown in different colours: QE + RES contribution
in light grey, DIS contribution in grey and the NC contamination in dark grey.

In order to reduce the emulsion scanning load, Changeable Sheets (CS) [13] film
interfaces have been used. They consist in tightly packed doublets of emulsion films glued
to the downstream face of each brick. Charged particles from a neutrino interaction in a
brick cross the CS and produce signals in the TT that allow the corresponding brick to
be identified and extracted by an automated Brick Manipulator System (BMS).

The spectrometers consist of a dipolar magnet instrumented with active detectors,
planes of RPCs (Internal Tracker, IT) and drift tubes (Precision Tracker, PT). Tasks of
the spectrometers are muon identification and charge measurement in order to minimize
the background. For muon momenta between 2.5 GeV/c and 45 GeV/c, the fraction of
events with wrong charge determination is 1.2%. The µ

+ to µ
− events ratio, within the

selected momentum range, obtained from data can be directly compared with predictions
based on Monte Carlo simulations: 3.92 ± 0.37(stat.)% for data, 3.63 ± 0.13(stat.)% for
MC. Figure 2 left-side shows the momentum and momentum times charge distribution
for data and MC.

In fig. 2 right side, Bjorken-y distribution is shown for the events with at least a
muon track. The agreement between data and MC simulation is reasonable. The sum
of the QE and RES processes can be clearly seen as a peak at low y values. The NC
contribution shows up at values of Bjorken-y close to one. The NC contribution becomes
negligible when a track with its momentum measured by the spectrometer is required.

A detailed description of the complete detector can be found in [7]. Event reconstruc-
tion procedures and a performances of the OPERA electronic detectors can be found in
more detail in [14].

4. – Neutrino interaction location

Neutrino event analysis starts with the pattern recognition in the electronic detectors.
Charged particle tracks produced in a neutrino interaction generate signals in the TT
and in the muon spectrometer. A brick finding algorithm is applied in order to select the
brick which has the maximum probability to contain the neutrino interaction. The brick
with the highest probability is extracted from the detector for analysis. The efficiency of
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this procedure reaches 83% in a subsample where up to 4 bricks per event were processed.
After extraction of the brick predicted by the electronic detectors, its validation comes

from the analysis of the CS films. The measurement of emulsion films is performed
through high-speed automated microscopes [15,16] with a sub-micrometric position res-
olution and angular resolution of the order of one milliradian. If no expected charged
track related to the event is found in the CS, the brick is returned back to the detector
with another CS doublet attached. If any track originating from the interaction is de-
tected in the CS, the brick is exposed to cosmic rays (for alignment purposes) and then
depacked. The emulsion films are developed and sent to the scanning laboratories of the
Collaboration for event location studies and decay search analysis.

All the track information of the CS is then used for a precise prediction of the tracks in
the most downstream films of the brick (with an accuracy of about 100µm). When found
in this films, tracks are followed upstream from film to film. The scan-back procedure is
stopped when no track candidate is found in three consecutive films and the lead plate
just upstream the last detected track segment is defined as the vertex plate. In order
to study the located vertices and reconstruct the events, a general scanning volume is
defined with a transverse area of 1×1 cm2 for 5 films upstream and 10 films downstream
of the stopping point. All track segments in this volume are collected and analysed.
After rejection of the passing through tracks related to cosmic rays and of the tracks due
to low energy particles, the tracks produced by the neutrino interaction can be selected
and reconstructed.

The present overall location efficiency averaged over NC and CC events, from the
electronic detector predictions down to the vertex confirmation, is about 60%.

5. – Decay search

Once the neutrino interaction is located, a decay search procedure is applied to detect
possible decay or interaction topologies on tracks attached to the primary vertex. The
main signature of a secondary vertex (decay or nuclear inetaraction) is the observation
of a track with a significant impact parameter (IP) relative to the neutrino interaction
vertex. The IP of primary tracks is smaller than 10µm after excluding tracks produced by
low momentum particles. When secondary vertices are found in the event, a kinematical
analysis is performed, using particle angles and momenta measured in the emulsion
films. For charged particles up to about 6 GeV/c, momenta can be determined using
the angular deviations produced by Multiple Coulomb Scattering (MCS) of tracks in the
lead plates [17] with a resolution better than 22%. For higher momentum particles, the
measurement is based on the position deviations. The resolution is better than 33% on
1/p up to 12 GeV/c for particles passing through an entire brick.

A γ-ray search is performed in the whole scanned volume by checking all tracks having
an IP with respect to the primary or secondary vertices lower than 800µm. The angular
acceptance is ±500 mrad. The γ-ray energy is estimated by a Neural Network algorithm
that uses the number of segments, the shape of the electromagnetic shower and also the
MCS of the leading tracks.

6. – Data analysis

In the following, the analysis results [18] of about 35% of the 2008 and 2009 data
sample, corresponding to the 1.89×1019 p.o.t are presented. The decay search procedure
was applied to a sample of 1088 events of which 901 were classified as CC interactions.
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Fig. 3. – Display of the ντ candidate event. Left: view transverse to the neutrino direction.
Right: same view zoomed on the vertices.The short track named “4 parent” is the τ− candidate.

In the sample of CC interactions, 20 charm decay candidates were observed, in good
agreement with the expectations from the Monte Carlo simulation, 16 ± 2.9. Out of
them 3 have a 1-prong topology where 0.8 ± 0.2 was expected. The background for the
total charm sample is about 2 events. Several νe-induced events have also been observed.

Moreover, a first CC ντ candidate has been detected. The expected number of ντ

events detected in the analysed sample is about 0.54 ± 0.13(syst.) at ∆m
2
23 = 2.5 ×

10−3 eV2 and full mixing.

7. – The first tau neutrino candidate

In this section, the first tau neutrino candidate [18] will be described. The location
and decay search procedure yielded a neutrino interaction vertex with 7 tracks. One
track exhibits a visible kink with an angular change of 41 ± 2 mrad after a path length
of 1335± 35 µm. The kink daughter momentum is estimated to be 12+6

−3 GeV/c by MCS

measurement and its transverse momentum to the parent direction is 470+230
−120 MeV/c.

The event is displayed in figs. 3 and 4.
All the tracks from the neutrino interaction vertex were followed until they stop or

interact. The probability that one of them is left by a muon is estimated to be less than
10−3. The residual probability for being a νµ CC event, with a possibly undetected large
angle µ track, is about 1%; a nominal value of 5% is assumed. None of the tracks is
compatible with being an electron.

Two electromagnetic showers caused by γ-rays, associated with the event, have been
located and studied. The energy of γ1 is (5.6±1.0(stat.)±1.7(syst.)) GeV and it is clearly
pointing to the decay vertex. The γ2 has an energy of 1.2 ± 0.4(stat.) ± 0.4(syst.) GeV
and it is compatible with pointing to either vertex, with a significantly larger probability
to the decay vertex.

All the selection cuts used in the analysis were those described in detail in the ex-
periment proposal [19] and its addendum [20]. All the kinematical variables of the event
and the cut applied are given in table I.

The invariant mass of the two observed γ-rays is 120 ± 20(stat.) ± 35(syst.) sup-
porting the hypothesis that they are emitted in a π

0 decay. The invariant mass of
the charged decay daughter assumed to be a π

− and of the two γ-rays amount to
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640+125
−80 (stat.)+100

−90 (syst.) MeV/c, which is compatible with the ρ(770) mass. So the decay
mode of the candidate is consistent with the hypothesis τ

−
→ ρ

−
ντ (where the branching

ratio is about 25%).

8. – Background estimation

The two main sources of background to the τ
−
→ h(nπ

0)ντ channel where a similar
final state may be produced are:

– the decays of charmed particles produced in νµ CC interactions where the primary
muon is not identified as well as the cc̄ pair production in νµ NC interactions
where one charm particle is not identified and the other decays to a 1-prong hadron
channel;

– the 1-prong inelastic interactions of primary hadrons produced in νµ CC interac-
tions where the primary muon is not identified or in νµ NC interactions and in
which no nuclear fragment can be associated with the secondary interaction.

Table I. – Kinematical variables of ντ candidate event.

Variable Measured Selection criteria

Kink angle (mrad) 42 ± 2 > 20

Decay length (µm) 1335 ± 35 Within 2 plates

P daughter (GeV/c) 12+6
−3 > 2

PT daughter (MeV/c) 470+230
−120 > 300 (γ attached)

Missing PT (MeV/c) 570+320
−170 < 1000

Angle φ (deg) 173 ± 2 > 90
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The Monte Carlo expectation of the first background source is 0.007±0.004(syst.) event,
the fraction produced in νe CC interactions is less than 10−3 events, The second type of
background amounts to 0.011 ± 0.006(syst.) event. The total background in the decay
channel to a single charged hadron is 0.018±0.007(syst.) events. The probability that this
background events fluctuate to one event is 1.8% (2.36σ). As the search for τ

− decays
is extended to all four channels, the total background then becomes 0.045± 0.023(syst.).
The probability that this expected background to all searched decay channels of the τ

−

fluctuates to one event is 4.5% (2.01σ). At ∆m
2 = 2.5 × 10−3 eV2 and full mixing, the

expected number of observed τ
− events with the present analyzed statistics is 0.54 ±

0.13(syst.) of which 0.16±0.04(syst.) in the one-prong hadron topology, compatible with
the observation of one event.

9. – Conclusions

During 2008, 2009 and 2010 runs, a total intensity of 1.78 × 1019, 3.52 × 1019 and
4.04×1019 p.o.t. respectively, was achieved. Within these three years, 9637 beam events
have been collected within the OPERA target. The neutrino interaction location and
decay search are going on.

A first candidate ντ CC interaction in the OPERA detector at LNGS was detected
after analysis of a sample of events corresponding to 1.89×1019 p.o.t. in the CERN CNGS
νµ beam. The expected number of ντ events in the analysed sample is 0.54± 0.13(syst.).
The candidate event passes all selection criteria, it is assumed to be a τ

− lepton decaying
into h

−(nπ
0)ντ . The observation of one possible tau candidate in the decay channel

h
−(π0)ντ has a significance of 2.36σ of not being a background fluctuation.
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Summary. — The Double Chooz experiment is the first of the next wave of re-
actor experiments searching for a non-vanishing value of the mixing angle θ13. The
experimental concept and detector design are presented, and the most pertinent
backgrounds are discussed. Operation of the far detector began in early 2011. In-
stallation of the near detector will occur in 2012. Double Chooz has the capacity
to measure sin2(2θ13) to 3σ if sin2(2θ13) > 0.05 or exclude sin2(2θ13) down to 0.03
at 90% for ∆m

2
31 = 2.5× 10−3 eV2 with three years of data with both near and far

detectors.

PACS 14.60.Pq – Neutrino mass and mixing.
PACS 29.40.Mc – Scintillation detectors.

1. – Introduction

Neutrino oscillation has been clearly established via the study of solar, atmospheric,
reactor and beam neutrinos. Combining these results requires the existence of (at least)
three-neutrino mixing. In the current view, the PMNS mixing matrix relates the three
neutrino mass eigenstates to the three neutrino flavour eigenstates parameterized by three
mixing angles (θ12, θ13 and θ23) and one CP -violating phase δcp (for Dirac neutrinos).
Neutrino oscillation experiments have made great progress in measuring the mixing angles
and the two squared mass differences ∆m2

ij = m2
i − m2

j . However, one mixing angle θ13

remains unmeasured, and the mass hierarchy and the δcp phase are also still unknown.
Upper limits to the value of θ13 have been made, indicating that this angle is very small
with respect to the other two mixing angles. Whilst a measurement of θ13 would complete
the knowledge of the mixing angles, even a more stringent upper limit would be useful
since the size of θ13 has a great bearing on the possibility to observe CP violation in the
leptonic sector with upcoming neutrino experiments (see, for example, [1] for a discussion
of θ13 and CP violation discovery in forthcoming experiments).

The current value of θ13 is dominated by the bound given by the reactor experiment,
CHOOZ [2], in which no oscillation was observed R = 1.01 ± 2.8%(stat.) ± 2.7%(sys.).
Recent work on the calculation of neutrino fluxes from nuclear reactors [3] showed that
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previous calculations under-estimated the neutrino fluxes indicating a deficit in the num-
ber of observed anti-neutrinos for all reactor experiments at baselines shorter than 100 m
(the Reactor Anti-Neutrino Anomaly). A re-evaluation of the CHOOZ result leads to a
new exclusion limit, sin2(2θ13) < 0.10, at 90% CL for ∆m2

31 = 2.4 × 10−3 eV2 [4].
The future direction of the field of neutrino oscillations is in some way governed by

the size of θ13 such that even a more stringent upper limit would be of great use to the
community. The size of θ13 essentially dictates whether current and future accelerator
experiments can observe CP-violation in the leptonic sector, and also determine the
neutrino mass hierarchy.

Reactor experiments provide a promising method to measure θ13. These experiments
search for the disappearance of electron anti-neutrinos emitted from the cores of the
nuclear reactors. Equation (1) gives the survival probability of a ν̄e from a reactor,
where E is the neutrino energy and L is the distance from the source to the detector.

P (ν̄e → ν̄e) = 1 − sin2(2θ13) sin2 ∆m2
31L

4E
− cos4 θ13 sin2(2θ12) sin2 ∆m2

21L

4E

+ 2 sin2 θ13 cos2 θ13 sin2 θ12

(

cos
(∆m2

31 − ∆m2
21)L

2E
− cos

∆m2
31L

2E

)

.

(1)

For short baselines only the first two terms are relevant. With a well positioned detector
(such that L/E is ∼ 0.5 km/MeV), a detector might observe less neutrinos than antic-
ipated indicating a non-zero value of θ13 and therefore these experiments are termed
“disappearance” experiments. “Appearance” experiments, i.e. long baseline accelerator
experiments, aim to measure the appearance of νes in a νµ beam.

Reactor based θ13 experiments have some advantages over long baseline accelerator
experiments. They suffer less from parameter degeneracies, being independent on δcp

and the sign of ∆m31 and having only a weak dependence on ∆m2
21. Since the neutrino

energies are low, ∼ 1 to 10 MeV, and the detectors are positioned at short distances,
there are no matter effects. The major drawback to this type of experiment is that there
is limited knowledge on the neutrino production processes inside the reactors.

2. – Double Chooz

The Double Chooz experiment [5] is located at Chooz, the same site as the original
CHOOZ experiment, in the Champagne-Ardennes region in France. The site contains
two closely neighbouring nuclear reactors each with a thermal power of 4.27 GW. The
Double Chooz concept is to use two identical detectors; one near, to effectively measure
the neutrino spectrum and flux from the reactor, and one far, to observe any neutrino
disappearance.

The far detector is located in the same underground laboratory as the original CHOOZ
experiment (1 km from the two cores). This site is perfect for three reasons; a good L/E
of 0.3 MeV/km, the cost is significantly reduced due to the existing laboratory, and the
experimental background rate i.e. from muons, neutrons and rock radioactivity, etc. is
already well measured with reactor-off data. The near detector underground laboratory
is currently under construction at a distance of 400 m from the two reactors.

The target is a gadolinium loaded scintillator, with an interacting anti-neutrino of
energy greater than 1.8 MeV causing an inverse beta decay of a proton:

(2) ν̄e + p → n + e+.
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Fig. 1. – Design of the Double Chooz detectors.

The positron slows depositing its kinetic energy in the scintillator. It quickly annihilates;
releasing two 511 keV gammas. The total prompt visible energy seen is some 1 to ∼ 8 MeV
and is directly related to the energy of the neutrino Eν = Evisible + 0.8 MeV. After a
characteristic delay, the neutron slows and is captured; on gadolinium (absorption time
of 30µs) or on hydrogen. Gamma cascades from the captures give energy deposits of
∼ 8 MeV (from gadolinium) and 2.2 MeV from hydrogen.

As the interaction cross-section rises (with the square of the energy) and the reactor
neutrino spectrum falls in a similar fashion, the convolution of these two, the observed
spectrum is roughly Gaussian in shape with a peak visible energy of ∼ 3 MeV.

3. – Detector design

Figure 1 shows the detector and laboratory design. Both detectors are identical from
the buffer tank (inner-most stainless steel vessel) inwards which is a physics requirement.
Shielding against the radioactivity of the rock is provided by 15 cm of demagnetised steel
for the far detector but less stringent shielding is required for the near detector.

Each detector is formed from a series of nested cylinders with each volume filled with
different liquids; insensitive buffer oil for shielding, Gd-doped scintillator as the target
and undoped scintillators for gamma rays, fast neutrons and muons.

The two inner vessels are acrylic and transparent to photons above 400nm. The
innermost vessel is the Target, with a diameter of 2.3 m, which contains 10 m3 of
gadolinium-doped scintillator; such that the scintillator contains 1 g/l of gadolinium.
In this volume neutron-capture on gadolinium can occur releasing cascade gammas with
an energy of ∼ 8 MeV. More than 80% of neutron captures are on gadolinium rather
than hydrogen. The definition of a neutrino candidate event is one in which neutron
capture on gadolinium occurs.

Enclosing the target is the Gamma-Catcher volume, with a diameter of 3.4 m, which
contains 22 m3 of undoped scintillator. The purpose of this volume is to detect the
gammas emitted in both the neutron-capture process and positron annihilation in the
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target, such that gammas emitted from neutrino events occurring in the outer volume of
the target are detected. This results in a well-defined target volume.

Since the photomultipliers are the most radioactive component of the detector, the
inner volumes are shielded by a buffer volume, with a diameter of 5.5 m, filled with non-
scintillating paraffin oil. Events occurring in the acrylic volumes are detected by 390 10
inch low background photomultiplier tubes (Hamamatsu R7081 [6]) fixed to the inside of
the stainless steel buffer tank. Uniquely the photomultiplier tubes are angled to improve
the uniformity of light collection efficiency in the inner-most volumes.

The outer detector volume is steel walled, with a diameter of 6.6 m, and filled with
scintillator. 78 8 inch photomultipliers (Hamamatsu R1408 [6]) line the outermost wall
which is painted with a reflective white coating. This volume is the Inner Veto with the
purpose of detecting and tracking muons and fast neutrons.

On top of the detector sits the Outer Veto. This comprises strips of plastic scintillator
and wavelength-shifting fibres. The veto extends further than the detector diameter with
the purpose of detecting and tracking muons. The precision of the entry point of a muon,
X-Y position, will be far more precise than that achieved by the Inner Veto and detector.
One of the main objectives is to tag near-miss muons, which interact in the surrounding
rock (and not in the detector) but produce fast neutrons. Another important goal is to
determine whether a muon entered the Inner Detector. Muons that do so can produce
cosmogenic isotopes (i.e. via a photonuclear interaction on carbon), some of which will
produce backgrounds for the experiment.

4. – Backgrounds

As each neutrino produces two time-correlated signals; that of the positron and a
delayed capture of a neutron (with characteristic decay time of 30µs), backgrounds can
come from two sources; accidental and time-correlated.

The accidental component comes from the random chance that two events of ap-
propriate energy interact within this characteristic time. Since these two events are
unrelated this rate can easily be measured, based on the singles rate. The main source of
events come from radioactive contamination with the dominant source being the photo-
multiplier tubes. For the accidental component to be well constrained, strict radioactive
contamination limits have been placed on all parts.

The most difficult backgrounds to study are those that are, like our signal, time-
correlated. From the experience of Chooz it is anticipated that Double Chooz will observe
some ∼ 1.5 events/day of false neutrino-like events. The Chooz experiment had a period
of data-taking before operation of the nuclear reactors began and so the background
could be very thoroughly investigated. The sources of the neutrino-like events observed
were attributed to fast neutrons (muon-induced neutrons) and cosmogenically produced
isotopes (also muon produced).

Fast neutrons can mimic neutrino signals by producing a proton-recoil (positron-like
signal) and a delayed neutron capture. If the muon is seen by the experiment then these
events can be tagged. More dangerous, however, are near-miss muons which interact in
the rock releasing fast neutrons which interact in the detector. The primary purpose of
the Outer Veto is to identify these events by covering an area wider than the detector
itself.

Those cosmogenically produced isotopes that are dangerous for the experiment are
those that result in electron emission followed by neutron emission, as these mimic well
our neutrino signal. Two isotopes, 8He and 9Li, have long decay times (119 ms and
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Fig. 2. – Sensitivity of the experiment, showing the first far detector only phase and the rapid
improvement as the near detector is included.

174 ms, respectively) [7] rendering a hardware veto impractical. Coupling information
from the Outer Veto (with precise muon entry points), Inner Veto and Inner Detector
will allow reconstruction of muon tracks to identify muons that cross the Inner Detector.

5. – Improvements on Chooz

Improvements on the original Chooz experiment have been made in two ways; the
detector design and the two-detector concept. The new detector target is more than
twice as large as the original Chooz detector. The scintillator technology has improved
as to allow the production of a Gadolinium-loaded scintillator that is very stable (on the
timescale of years) allowing a longer run time of ∼ 5 years. The number of neutrinos
detected in the far detector assuming 3 years of running will be ∼ 60,000 compared to
∼ 2,500 in the Chooz experiment, reducing the statistical error, 2.8% in Chooz, to 0.4%.

The aim is to reduce the systematic error, 2.7% in Chooz, to less than 0.6%. There
are three sources of systematic error; the reactor, the detector and the analysis. With
two detectors, each reactor component systematic; flux and cross-section, reactor power
and energy per fission, reduce to below 0.1%. Making a relative measurement, between
the two detectors, reduces many of detector systematics to similar orders.

The scintillators have been produced for both detectors in one batch, reducing the
systematic on the number of H and Gd atoms in each detector. With a well performing
scintillator the number of observed photons should be high enough such that all of the
positron signal is observed so there is no systematic introduced by cutting on the positron
spectrum.

In general, controlling the relative systematics between the two detectors is far easier
than the absolute. Two detectors, however, introduces one new systematic—the live
time, as both detectors must operate simultaneously.
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6. – The far detector

Commissioning of the far detector began in early 2011 and ended in April 2011.
Preliminary results show that the main design aims have been well achieved, with the
detector operating with a lower energy threshold far below the commencement of the
positron spectrum and a low event rate from radioactivity.

The first neutrino physics run began in April and ended in November 2011. Whilst
the experiment is less sensitive without the near detector, it will still be more sensitive
than the original CHOOZ detector. With data only from the first neutrino run we expect
to obtain a sensitivity at least equal to the CHOOZ limit. With one year of data the
experiment should be able reach a sensitivity to sin2(2θ13) of 0.06 with only the far
detector.

7. – Conclusion

Double Chooz is the first next generation reactor experiment to commence operation.
The construction of the far detector of the Double Chooz experiment was completed in
2010 with detector commissioning finishing in April 2011. The first phase of data-taking
will occur with the far detector only. Figure 2 shows the improvement in sensitivity as
a function of time; the far detector only phase and the two detector phase. Although
the experiment is less sensitive without the near detector, only a few months of data
are required to equal the sensitivity of the original CHOOZ detector and the experiment
should reach a sensitivity to sin2(2θ13) of 0.06 with one year of data. With two detectors,
Double Chooz will be able to measure sin2(2θ13) to 3σ if sin2(2θ13) > 0.05 or exclude
sin2(2θ13) down to 0.03 at 90% for ∆m2

31 = 2.5× 10−3 eV2 with three years of data with
both near and far detectors.
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Summary. — Borexino is a large mass, high radiopurity detector located under the
Gran Sasso Mountain (Italy) and designed to measure in real-time the flux of low
energy solar neutrinos. Borexino has been taking data continuously since May 2007.
This talk is focused on the main goal of Borexino, the measurement of solar neutrinos
produced in the 7Be reaction: I will present the result on the 7Be flux obtained in
2008 after 192 days of data-taking together with a preliminary evaluation of the day-
night asymmetry of the signal. I will also discuss the impact on the analysis of the
two extensive calibration campaigns performed in 2009. Thanks to these campaigns
a new measurement of the 7Be flux will be shortly published with significantly
reduced error. Borexino is also able of measuring the 8B neutrino flux with an
unprecedented low threshold of 3 MeV (scattered electron kinetic energy): it is the
only experiment able of probing the survival probability in the vacuum dominated
oscillation regime (with 7Be neutrinos) and in the matter enhanced oscillation regime
(with 8B). Finally, I will also present another important result of Borexino, namely
the first clear observation of geoneutrinos.

PACS 95.55.Vj – Neutrino, muon, pion, and other elementary particle detectors;
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1. – Introduction

Solar neutrinos have been studied for 30 years by means of radiochemical and water-
Čerenkov detectors. These studies have yielded to the discovery of neutrino oscillations
in the Sun and to the determination of the oscillation parameters ∆m2 = 7.6 · 10−5 eV2

and sin2 2θ12 = 0.87 (K. Nakamura et al. [1]). However, the investigation of the solar
neutrino spectrum is far from being complete, having been limited on one hand by the
fact that radiochemical experiments cannot measure neutrino energies, and on the other
by the fact that water-Čerenkov detectors must work with a high experimental threshold
(E > 4.5 MeV) because of radioactive background. The Borexino experiment has opened
a new chapter in the experimental history of solar neutrinos, by proving the feasibility of
the solar neutrino spectroscopy in real-time down to the uprecedented energy threshold of
250 keV [2,3]. This was made possible by employing a liquid scintillator technique which
has several advantages over both radiochemical and water-Čerenkov ones: on one hand, it
allows detection in real-time (unlike the radiochemical technique), on the other, it makes
it possible to lower the energy threshold down to few hundresd keVs. This last feature
stems from two main characteristics of an organic liquid scintillator: the large light yield
(with respect to the Čerenkov one) and the fact that it provides very low solubility to
ions and metal impurities which makes it possible to bring it to unprecedented level of
radiopurity.

In this talk we report the main results obtained so far by the Borexino experiment,
which include the measurement of the 7Be flux after 192 days of data-taking, the mea-
surement of the 8B neutrino flux down to the unprecedented threshold of 3 MeV. We will
also discuss preliminary results on the day-night asymmetry of the 7Be neutrinos. We
will finally show the results concerning the first clear detection of geoneutrinos. More
details can be found in Arpesella et al. [2, 3] and in [4].

2. – The Borexino detector

The Borexino detector is located under the Gran Sasso Mountain in the Laboratori
Nazionali del Gran Sasso, Italy. It detects solar neutrinos via their elastic scattering
on the electrons of 300 tons of liquid scintillator. The scintillator (pseudocumene as
a solvent + 1.5 g/l of PPO as a solute) is contained in a large spherical nylon vessel
(R = 4.25 m). The scintillation light is viewed by 2214 photomultiplier tubes mounted
on a Stainless-Steel Sphere (SSS) concentric with the vessel at a radius of 6.85 m (see
fig. 1). In order to reduce external background (γ’s from the PMTs and γ’s + neutrons
from the rock), the design of Borexino is based on the principle of graded shielding,
with the inner core scintillator at the center of a set of concentric shells of increasing
radiopurity.

The innermost shield is provided by 1000 tons of pure pseudocumene contained in
the SSS. The outermost one consists in 2000 tons of ultrapure water contained in the
cylindrical dome (diameter = 18m, height = 16.9m) which encloses the entire detector.
The external water serves also as a Čerenkov radiator to detect residual cosmic muons
crossing the detector. Besides keeping external backgrounds at a low level, the key re-
quirement for measuring low energy neutrinos with Borexino is the extreem radiopurity
of the scintillator itself: the neutrino signal, in fact, is indistinguishable from the beta-
like events due to natural radioactivity. Therefore, the rate of events due to radioactive
background must be lower or comparable to the expected interaction rate for the 7Be
signal, namely 50 counts/(day ·100 tons). During 15 years of dedicated R&D studies, the
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Fig. 1. – A scheme of the Borexino detector: the core of the experiment is represented by 300
tons of liquid scintillator contained in a spherical vessel (in yellow) of 4.25 m radius. The light
emitted by the scintillator is viewed by 2200 photomultiplier tubes mounted on a sphere of 7 m
radius.

Borexino Collaboration developed a successful purification strategy which proved to be
effective in removing the most dangerous contaminants from the scintillator. In partic-
ular, the contamination due to 238U and 232Th was brought to the unprecedented levels
of (1.6 ± 0.1) 10−17 g/g and (6.8 ± 1.5) 10−18 g/g, respectively, one order of magnitude
better than the designed goal of 10−16 g/g. For more details concerning the Borexino
detector see [5, 6].

3. –
7
Be neutrino flux

An event in Borexino is recorded when at least 25 PMT pulses occur within a time
window of 99 ns (which corresponds to an energy threshold of approximately 40 keV).
When a trigger occurs, a 16µs gate is opened and time and charge of each PMT is
collected. The offline software identifies the shape and lenght of the scintillator pulse
and reconstructs the position of the energy deposit in the scintillator by means of a time
of flight technique. Energy is determined by summing the photoelectrons collected for
each event. The calibration of the energy scale has been obtained by means of internal
contaminants, in particular 14C. The scintillator Light Yield is found to be of the order
of 500 photoelectrons/MeV of deposited energy.

The analysis described here refers to 192 live days of data taken in the period from May
16, 2007 to April 12, 2008. The selection cuts are needed to reject muons and residual
external and internal backgrounds. For what concerns muons, they are rejected by using
the combined information of the outer Čerenkov detector and the internal detector.

Events must be reconstructed within a spherical fiducial volume of 3 meters. The
selection of the innermost region of the scintillator is essential to reduce external
background to acceptable levels. Additionally, the z-coordinate of the event must be
|z| < 1.7 m in order to remove background near the poles of the nylon vessel.

The resulting spectrum after applying all cuts is shown in fig. 2 on the left. The
prominent peak at approximately 450 keV is due to the 5.3 MeV α’s from 210Po, whose
visible energy is reduced by light quenching as expected in an organic liquid scintillator.
The high 210Po contamination has unknown origins. However, 210Po is not in equilibrium
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Fig. 2. – Borexino spectra obtained after applying the analysis cuts, before (left) and after (right)
statistically subtracting the α’s from 210Po decay. The 7Be rate is determined by a fit to the
spectra which accounts also for the residual backgrounds 11C, 85Kr, 210Bi and for neutrinos
from the CNO reactions.

with the other elements of the 238U chain to which it belongs and is decaying away with
the expected lifetime (τ = 200.2 days). It is possible to apply a pulse-shape discrim-
ination technique to statistically subtract from the spectrum the contribution due to
210Po α’s. The resulting spectrum is shown in fig. 2 on the right. A fit is performed
on both spectra including the contribution of the 7Be neutrino signal (with its charac-
teristic Compton-like shape), plus the spectral shapes of the expected residual internal
backgrounds, namely, 11C, 85Kr and 210Bi. Since the shapes of 210Bi and CNO neutrino
spectra are almost indistinguishable, they are fitted together, using a single weight. The
weights of all spectral components are left as free parameters of the fit, together with
the light yield. The results obtained with and without alpha subtraction are consistent
with each other. The main contributions to the systematic error come from the uncer-
tainty on the fiducial mass and on the detector response function. The total systematic
uncertainty is ±8.5%. This error will be substantially reduced thanks to the information
coming from two calibration campaigns performed in 2009 (see dedicated paragraph).

The final result for the 7Be rate in Borexino including both statistical and systematic
error is (49 ± 3stat ± 4sys) counts/(day · 100 tons). The expected signal from the Solar
Standard Model(1) [7], in case of no-oscillation is 74 ± 4 counts/day · 100 tons: the no-
oscillation hypothesis is rejected by the Borexino data at the 4σ level. On the other hand,
the rate expected in Borexino in case of oscillations for the current best-fit MSW-LMA
parameters [1] is 48 ± 4 counts/(day · 100 tons), in perfect agreement with what found
experimentally. From our measurement, under the constraint from the high metallicity
SSM and of the MSW-LMA scenario, our best estimate for the flux of 7Be neutrinos is
Φ(7Be) = (5.18 ± 0.51) × 109 cm−2 s−1.

The Borexino measured rate can be combined with the other solar neutrino mea-
surements to constrain the flux normalization constants for the other solar neutrino
sources. In particular, using the luminosity constraint, one obtains fpp = 1.005±+0.13

−0.19

and fCNO < 3.80 (90% CL), where fpp and fCNO are the ratios between the measured
and the expected fluxes of pp and CNO sources under the assumptions of the SSM and
MSW-LMA.

(1) Depending on the assumptions made on the solar abundances of high-Z elements, the 7Be
flux predicted by the Standard Solar Model changes by approximately 10%. We arbitrarily
choose as a reference the latest SSM based on abundances reported in reference [8].
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4. –
7
Be neutrino day-night asymmetry

A preliminary analysis of the day-night asymmetry of the 7Be signal has been per-
formed. This measurement can give an independent confirmation of the LMA region:
the day-night asymmetry predicted in the LMA region hypothesis is in fact very small
(< 0.1%) while can be as large as 80% in other regions of the oscillation parameter space
(like in the so-called LOW solution region). For this analysis we use events in a Fiducial
Volume defined by the R < 3m cut only and we perform the fit described in the previous
paragraph to extract the signal on the day and night spectra separately. The day-night
asymmetry is defined as Adn = 2RN−RD

RN+RD
where RN and RD are the 7Be rate for night

and day respectively. A preliminary analysis based on 387.46 days during the day time
and 401.57 days during the night time leads to Adn = 0.007± 0.073, consistent with zero
in agreement with the LMA hypothesis. A more accurate measurement of the day-night
asymmetry will be published in the near future.

5. – The
8
B neutrino flux

Borexino is the first experiment capable to probe the oscillation hypothesis both in
the vacuum dominated regime at low energies (with the 7Be neutrinos) and in the mat-
ter enhanced regime at higher energies by also measuring the 8B neutrino flux [9]. With
respect to the large Čerenkov detectors designed on purpose to measure 8B neutrinos,
Borexino has the disadvantage of a relatively small mass and is not capable to correlate
the signal to the sun, since scintillation signal lacks directionality. In spite of that, the
excellent radiopurity reached by the detector has made it possible not only to measure
the 8B flux, but also to reduce the energy threshold for the scattered electron energy
down to the unprecedented level of 3 MeV. In Borexino, the main backgrounds affecting
the 8B analysis are the cosmogenic isotopes induced by muons and the external back-
ground from photomultipliers. The short lived cosmogenics (τ < 2 s) are removed by
vetoing the detector for 5 s after each muon crossing it, while 10C is removed by the
triple coincidence with the parent muon and the neutron capture on proton. The exter-
nal background (mainly Thallium from photomultiplier tubes) is rejected by a Fiducial
Volume cut of R < 3 m. The contribution due to the small Thallium internal contami-
nation (0.008 counts/(day · 100 tons)) is statistically subtracted from the final spectrum.
Figure 3 (left) shows the spectrum after data selection (red dots), with superimposed
the expected contributions from residual backgrounds. The resulting 8B neutrino rate
above 3 MeV is found to be (0.22 ± 0.04stat ± 0.01sys) counts/(day · 100 tons). This
result is obtained analyzing a total of 488 live days of data-taking, corresponding to
an exposure of 345.3 days after all cuts. The corresponding total 8B neutrino flux is
(2.7 ± 0.4 ± 0.1) × 106 cm−2 s−1, in very good agreement with previous more precise
measurements performed by Cherenkov detectors. Figure 3 (right) shows the electron
neutrino survival probability Pee for the 7Be and 8B energies as obtained from the Borex-
ino data (assuming the Standard Solar Model predictions for the fluxes in [7] and [8]).
Eliminating common sources of systematic errors the ratio between the two probabilities
is 1.6±0.33 confirming the expectations of the LMA-MSW oscillation scenario at 93% CL.

6. – Geoneutrinos

Geoneutrinos (geo-ν̄e) are electron antineutrinos produced in β-decays of isotopes nat-
urally present in the Earth like 40K and several nuclides in the 238U and 232Th chains.
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Fig. 3. – (Colour on-line) Left plot: residual spectrum after all selection cuts (red dots). The
expected electron recoil spectrum (from 8B neutrinos including oscillations) is shown in filled
blue histogram, together with the expected residual backgrounds. Right plot: the electron
neutrino survival probability of the LMA-MSW model and the experimental results discussed
in this talk. The curve is computed for PBS09(GS98) and oscillation parameters tg2θ12 = 0.45
and ∆m2

12 = 7.69 × 10−5 eV2.

They can be used as a unique direct probe of the Earth interior, in particular they can
give information on the content and distribution of the long-lived radioactive elements in
the Earth. Radiogenic heat is generally considered as the main contribution to the total
heat budget of Earth. The geochemical Bulk Silicate Earth (BSE) model predicts about
19 TW of radiogenic heat from which 9 TW is produced in the crust (mainly continen-
tal) and 10 TW in the mantle. Other models predict a much larger contribution from
radiogentic heat, while more exotic ones predict possible additional heat sources such as
the presence of a nuclear geo-reactor in the core. These models can be discriminated
by geo-ν̄e measurements, which, especially when performed at different sites, can give
information about the spatial distribution of radiogenic elements, about their concentra-
tion in the mantle, and about the compatibility of the terrestrial Th/U ratio with the
chondritic value of 3.9.

Borexino detects ν̄e via the inverse β-decay reaction ν̄e + p → n + e+. The positron
comes to rest and annihilates emitting two 511 keV γ-rays, yielding a prompt event, with a
visible energy of Ep = Eν̄e

−0.782 MeV. The emitted neutron is typically captured on pro-
tons with a mean time of τ ≃ 256 µs resulting in the emission of a 2.22 MeV de-excitation
γ-ray, which provides a coincident delayed event. The characteristic time and spatial co-
incidence of prompt and delayed events offers a clean signature of ν̄e detection. Borexino
identifies 21 ν̄e candidates during 540 livedays with a total exposure after all selection
cuts of 252.6 ton yr. Besides geoneutrinos, the known ν̄e sources are reactor ν̄e, while
supernova relic ν̄e’s give a negligble contribution. The expected reactor signal with (with-
out) neutrino oscillation and 100% detection efficiency is 5.7 ± 0.3 events/(100 ton · yr)
(9.9±0.5 events/(100 ton ·yr)). The energy spectrum for the prompt signal of the 21 can-
didates surviving the analysis cuts is shown in fig. 4. An unbinned maximum likelihood
analysis is used to extract the contribution from geoneutrino and from reactor antineutri-
nos: our best estimate for the number od detected geoneutrinos is Ngeo = 9.9+4.1

−3.4(
+14.6
−8.2 )

and of reactor antineutrinos is Nrea = 10.7+4.3
−3.4(

+15.8
−8.0 ) at 68.4% CL (99.73% CL). By

studying the profile of the log-likelihood with respect to Ngeo we have calculated that
the null hypothesis for geo-ν̄e (i.e., Ngeo = 0) can be rejected at 99.997%. This results
hint at a higher rate for geo-ν̄e than current BSE predictions, but the present uncertainty
prevents firm conclusions. We plan to accumulate at least an exposure of 1000 ton yr,
which should reduce the error by a factor two.
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Fig. 4. – Spectrum (number of photoelectrons) for the positron prompt events of the 21 ν̄e

candidates and the best-fit curve (black solid).

The observed prompt positron spectrum above 2.6 MeV is compatible with the one
expected from nuclear reactors (mean baseline of approximately 1000 km). Our mea-
surement of reactor antineutrinos excludes the non-oscillation hypothesis at 99.60% CL.
Furthermore, this measurement rejects the hypothesis of an active geo-reactor in the
Earth’s core with a power above 3 TW at 95% CL.

7. – Calibrations

Two calibration campaigns were performed in 2009 to study possible systematics as-
sociated to the position reconstruction of the events, and to determine the energy scale
and the detector response function with high precision. Before calibrations, reconstruc-
tion of position and energy was tested and tuned on internal contaminants (like 14C,
222Rn and so on) in a non optimal way and this is reflected in the high systematic error
associated to the 7Be measurement described in this talk. During the two calibration
campaigns several radioactive sources were inserted in many positions throghouth the
active volume of the detector. In order to calibrate the detector without introducing
unwanted contaminations, the source containers have been carefully designed. We have
used a quartz sphere (one inch diameter) either filled by 222Rn loaded scintillator identi-
cal to the Borexino or filled with γ emitters in aqueous solution. The quartz sphere was
attached to a set of stainless steel bars that allowed to locate the source in almost any
position within the IV. The Rn source, deployed in more than 200 positions, was mainly
used to study the position reconstruction and the position dependence of the detector
response. The nominal source position was determined independently by a system of 7
CCD cameras located on the Stainless Steel Sphere (where also the 2200 phototubes are
mounted). The calibration campaign allowed to reduce the overall systematic uncertainty
on the Fiducial Volume selection from 6% down to ≈ 1%.

Table I. – Calibrations sources used to determine the energy scale. The isotopes are γ-emitters

and span the energy region of interest for the
7Be analysis.

Isotope 57Co 139Ce 203Hg 85Sr 54Mn 65Zn 60Co 40K

Energy (keV) 122 165 279 514 834 1115 1173-1332 1460
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The energy scale was studied by inserting 8 different gamma-emitting sources (see
table I) spanning the energy range of interest for the 7Be analysis (from ≈ 100 keV to
1.4 MeV). An AmBe neutron source was also used, in order to have calibration points at
higher energies, relevant for 8B solar neutrinos and geo-neutrinos. Due to the quenching
phenomenon, the energy scale of a scintillator is not linear and depends also on particle
type. The calibration campaigns allowed to reduce the uncertainty on the energy scale
between 0 and 2 MeV to less than 1.5%.

8. – Conclusions and perspectives

Borexino has performed the first direct measurement of the 7Be solar neutrino flux in
real time. The results confirm the neutrino oscillation hypothesis and are in agreement
with what expected in the LMA-MSW scenario. We have also measured the flux of
8B neutrinos thus probing oscillations both in the vacuum and in the matter enhanced
regimes. Borexino has also performed the first clear detection of geoneutrinos.

The calibration campaigns performed in 2009 will have a crucial role in reducing the
systematic errors and a new, more precise measurement of the 7Be flux will be published
soon. The exceptional levels of radiopurity of the experiment have opened the possibility
to explore in a near future other solar neutrino sources, like the so-called pep, CNO and
possibly pp. In particular, we are currently purifying the scintillator to try and reduce
even further the content of 210Bi and 85Kr, which are the main sources of background
for these analyses.
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Summary. — After a brief review of the results of solar, atmospheric and long-
baseline neutrino oscillation experiments which led to the current three-neutrino
mixing paradigm, we discuss indications of neutrino oscillation experiments in favor
of short-baseline oscillations which require the existence of one or more sterile neu-
trinos. We show that the simplest possibility of existence of one sterile neutrino is
not enough to fit all data of short-baseline neutrino oscillation experiments because
of two tensions: a tension between neutrino and antineutrino data and a tension
between appearance and disappearance data. The tension between neutrino and
antineutrino data is eliminated with the addition of a second sterile neutrino which
allows CP -violating effects in short-baseline experiments. In this case the tension
between appearance and disappearance data is reduced, but cannot be eliminated.

PACS 14.60.Pq – Neutrino mass and mixing.
PACS 14.60.Lm – Ordinary neutrinos.
PACS 14.60.St – Non-standard-model neutrinos.

The results of several solar, atmospheric and long-baseline neutrino oscillation exper-
iment have proved that neutrinos are massive and mixed particles (see ref. [1]). There
are two groups of experiments which measured two independent squared-mass differences
(∆m2) in two different neutrino flavor transition channels.

Solar neutrino experiments (Homestake, Kamiokande, GALLEX/GNO, SAGE,
Super-Kamiokande, SNO, BOREXino) measured νe → νµ, ντ oscillations generated by
∆m2

SOL = 6.2+1.1
−1.9 × 10−5 eV2 and a mixing angle tan2 ϑSOL = 0.42+0.04

−0.02 [2]. The Kam-
LAND experiment confirmed these oscillations by observing the disappearance of reactor
ν̄e at an average distance of about 180 km. The combined fit of solar and KamLAND data
leads to ∆m2

SOL = (7.6± 0.2)× 10−5 eV2 and a mixing angle tan2 ϑSOL = 0.44± 0.03 [2].
Notice that the agreement of solar and KamLAND data in favor of νe and ν̄e disap-
pearance generated by the same oscillation parameters is consistent with the equality of
neutrino and antineutrino disappearance expected from CPT symmetry (see ref. [1]).

Atmospheric neutrino experiments (Kamiokande, IMB, Super-Kamiokande, MACRO,
Soudan-2, MINOS) measured νµ and ν̄µ disappearance through oscillations generated by
∆m2

ATM ≃ 2.3× 10−3 eV2 and a mixing angle sin2 2ϑATM ≃ 1 [3]. The K2K and MINOS
long-baseline experiments confirmed these oscillations by observing the disappearance of
accelerator νµ at distances of about 250 km and 730 km, respectively. The MINOS data
give ∆m2

ATM = 2.32+0.12
−0.08 ×10−3 eV2 and sin2 2ϑATM > 0.90 at 90% CL [4]. The equality
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of muon neutrino and antineutrino disappearance expected from CPT symmetry is cur-
rently under investigation in the MINOS experiment [5], with preliminary results which
hint at an intriguing difference between the muon neutrino and antineutrino oscillation
parameters.

These measurements led to the current three-neutrino mixing paradigm, in which the
three active neutrinos νe, νµ, ντ are superpositions of three massive neutrinos ν1, ν2, ν3

with respective masses m1, m2, m3. The two measured squared-mass differences can be
interpreted as

(1) ∆m2
SOL = ∆m2

21 , ∆m2
ATM = |∆m2

31| ≃ |∆m2
32| ,

with ∆m2
kj

= m2
k
− m2

j
. In the standard parameterization of the 3 × 3 unitary mixing

matrix (see ref. [1]) ϑSOL ≃ ϑ12, ϑATM ≃ ϑ23 and sin2 ϑ13 < 0.035 at 90% CL [6].
The completeness of the three-neutrino mixing paradigm has been challenged by the

recent observation of a signal of short-baseline ν̄µ → ν̄e oscillations in the MiniBooNE
experiment [7] which agrees with a similar signal observed several years ago in the LSND
experiment [8]. It is remarkable that the two signals have been observed at different values
of distance (L) and energy (E), but approximately at the same L/E. Since the distance
and energy dependences of neutrino oscillations occur through this ratio, the agreement
of the MiniBooNE and LSND signals raised interest in the possibility of existence of one
or more squared-mass differences much larger than ∆m2

SOL and ∆m2
ATM. These new

squared-mass differences should have values larger than about 0.5 eV.
In the following, I consider first the simplest extension of three-neutrino mixing with

the addition of one massive neutrino. In such four-neutrino mixing framework the flavor
neutrino basis is composed by the three active neutrinos νe, νµ, ντ and a sterile neutrino
νs which does not have weak interactions and does not contribute to the invisible width
of the Z boson [9]. The existence of sterile neutrinos which have been thermalized in the
early Universe is compatible with Big-Bang Nucleosynthesis data [10,11] and cosmological
measurements of the Cosmic Microwave Background and Large-Scale Structures if the
mass of the fourth neutrino is limited below about 1 eV [12,13].

So-called 2+2 four-neutrino mixing schemes are strongly disfavored by the absence of
any signal of sterile neutrino effects in solar and atmospheric neutrino data [17]. Hence,
we must consider the so-called 3+1 four-neutrino schemes depicted in fig. 1. Since the
“4ν-inverted” and “totally-inverted” schemes have three massive neutrinos at the eV
scale, they are disfavored by cosmological data over the “normal” and “3ν-inverted”
schemes. In all 3+1 schemes the effective flavor transition and survival probabilities in
short-baseline (SBL) experiments are given by

P SBL
(−)

να→

(−)

νβ

= sin2 2ϑαβ sin2

(

∆m2L

4E

)

(α �= β) ,(2)

P SBL
να→να

= 1 − sin2 2ϑαα sin2

(

∆m2L

4E

)

,(3)

for α, β = e, µ, τ, s, with ∆m2 = ∆m2
SBL and

sin2 2ϑαβ = 4|Uα4|
2|Uβ4|

2 ,(4)

sin2 2ϑαα = 4|Uα4|
2
(

1 − |Uα4|
2
)

.(5)
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Fig. 1. – 3+1 four-neutrino schemes.

Therefore:

1. All effective SBL oscillation probabilities depend only on the largest squared-mass
difference ∆m2 = ∆m2

SBL = |∆m2
41|.

2. All oscillation channels are open, each one with its own oscillation amplitude.

3. All oscillation amplitudes depend only on the absolute values of the elements in
the fourth column of the mixing matrix, i.e. on three real numbers with sum less
than unity, since the unitarity of the mixing matrix implies

∑

α
|Uα4|

2 = 1

4. CP violation cannot be observed in SBL oscillation experiments, even if the mixing
matrix contains CP -violating phases. In other words, neutrinos and antineutrinos
have the same effective SBL oscillation probabilities.

Before the recent indication of an antineutrino ν̄µ → ν̄e signal consistent with the
LSND antineutrino signal, the MiniBooNE collaboration published the results of neutrino
data which do not show a corresponding νµ → νe signal [20]. This difference between
the MiniBooNE neutrino and antineutrino data may be due to CP violation.

The absence of any difference in the effective SBL oscillation probabilities of neutrinos
and antineutrinos in 3+1 four-neutrino mixing schemes implies that these schemes cannot
explain the difference between neutrinos and antineutrino oscillations observed in the
MiniBooNE. Moreover, the dependence of all the oscillation amplitudes in eqs. (4) and (5)
on three independent absolute values of the elements in the fourth column of the mixing

matrix implies that the amplitude of
(−)

νµ →
(−)

νe transitions is limited by the absence of

large SBL disappearance of
(−)

νe and
(−)

νµ observed in several experiments.
The results of reactor neutrino experiments constrain the value |Ue4|

2 through the
measurement of sin2 2ϑee. The calculation of the reactor ν̄e flux has been recently im-
proved in ref. [15], resulting in an increase of about 3% with respect to the previous value
adopted by all experiments for the comparison with the data. As illustrated in fig. 2,
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Fig. 2. – Ratio R of the observed ν̄e event rate and that expected in absence of ν̄e disappearance
obtained from the old (see ref. [14]) and new [15] reactor ν̄e fluxes. The average value of R

obtained with the new reactor ν̄e fluxes quantifies the reactor antineutrino anomaly [16].

the measured reactor rates are in agreement with those derived from the old ν̄e flux,
but show a deficit of about 2.2σ with respect to the rates derived from the new ν̄e flux.
This is the “reactor antineutrino anomaly” [16](1), which may be an indication in the
ν̄e → ν̄e channel of a signal corresponding to the ν̄µ → ν̄e signal observed in the LSND
and MiniBooNE experiments. However, the ν̄e disappearance is small and large values of
sin2 2ϑee are constrained by the exclusion curves in the left panel of fig. 3. Since values
of |Ue4|

2 close to unity are excluded by solar neutrino oscillations (which require large
|Ue1|

2 + |Ue2|
2), for small sin2 2ϑee we have

(6) sin2 2ϑee ≃ 4|Ue4|
2 .

The value of sin2 2ϑµµ is constrained by the curves in the right panel of fig. 3, which
have been obtained from the lack of νµ disappearance in the CDHSW νµ experiment [18]
and from the requirement of large |Uµ1|

2 + |Uµ2|
2 + |Uµ3|

2 for atmospheric neutrino
oscillations [19]. Hence, |Uµ4|

2 is small and

(7) sin2 2ϑµµ ≃ 4|Uµ4|
2 .

From eqs. (4), (6) and (7), for the amplitude of
(−)

νµ →
(−)

νe transitions we obtain

(8) sin2 2ϑeµ ≃
1

4
sin2 2ϑee sin2 2ϑµµ .

(1) We do not consider here the “Gallium neutrino anomaly” [21-26], which may be compati-
ble with the reactor antineutrino anomaly assuming the equality of neutrino and antineutrino
disappearance imposed by the CPT symmetry.
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neutrino data (extracted from the analysis in ref. [19]).

Therefore, if sin2 2ϑee and sin2 2ϑµµ are small, sin2 2ϑeµ is quadratically suppressed.
This is illustrated in the left panel of fig. 4, where one can see that the separate effects
of the constraints on sin2 2ϑee and sin2 2ϑµµ exclude only the large-sin2 2ϑeµ part of
the region allowed by LSND and MiniBooNE antineutrino data, whereas most of this
region is excluded by the combined constraint in eq. (8). As shown in the right panel
of fig. 4, the constraint becomes stronger by including the data of the KARMEN [27],
NOMAD [28] and MiniBooNE neutrino [20] experiments, which did not observe a short-
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Fig. 5. – Marginal allowed regions in two-dimensional planes of interesting combinations of the
oscillation parameters in 3+2 neutrino mixing.

baseline
(−)

νµ →
(−)

νe signal. Since the parameter goodness-of-fit [29] is 0.0016%, 3+1 schemes
are strongly disfavored by the data. This conclusion has been reached recently also in
refs. [19, 30-32] and confirms the pre-MiniBooNE results in refs. [17, 33].

The CP -violating difference between MiniBooNE neutrino and antineutrino data can
be explained by introducing another physical effect in addition to a sterile neutrino: a
second sterile neutrino in 3+2 schemes [19, 30, 32, 34-36], non-standard interactions [30],
CPT violation [31,37]. In the following I discuss the possibility of 3+2 neutrino mixing.

In 3+2 schemes the relevant effective oscillation probabilities in short-baseline exper-
iments are given by

P SBL
(−)

νµ→

(−)

νe

= 4|Uµ4|
2|Ue4|

2 sin2 φ41 + 4|Uµ5|
2|Ue5|

2 sin2 φ51(9)

+ 8|Uµ4Ue4Uµ5Ue5| sin φ41 sin φ51 cos(φ54

(+)

− η) ,

P SBL
να→να

= 1 − 4(1 − |Uα4|
2 − |Uα5|

2)(|Uα4|
2 sin2 φ41 + |Uα5|

2 sin2 φ51)(10)

− 4|Uα4|
2|Uα5|

2 sin2 φ54 ,
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for α, β = e, µ, with

(11) φkj = ∆m2
kj

L/4E , η = arg[U∗

e4Uµ4Ue5U
∗

µ5] .

Note the change in sign of the contribution of the CP -violating phase η going from
neutrinos to antineutrinos, which allows us to explain the CP -violating difference between
MiniBooNE neutrino and antineutrino data.

Figure 5 shows the marginal allowed regions in two-dimensional planes of interesting
combinations of the oscillation parameters in our 3+2 global fit of the same set of data
used in fig. 4. The best-fit values of the mixing parameters are

∆m2
41 = 0.90 eV2 , |Ue4|

2 = 0.017 , |Uµ4|
2 = 0.019 ,(12)

∆m2
51 = 1.61 eV2 , |Ue5|

2 = 0.018 , |Uµ5|
2 = 0.0058 , η = 1.51π .(13)

The parameter goodness-of-fit obtained with the comparison of the fit of LSND and
MiniBooNE antineutrino data and the fit of all other data is 0.24%. This is an improve-
ment with respect to the 0.0016% parameter goodness-of-fit obtained in 3+1 schemes.
However, the value of the parameter goodness-of-fit remains low as a consequence of the
fact that the ν̄µ → ν̄e transitions observed in LSND and MiniBooNE must correspond in

any neutrino mixing schemes to enough short-baseline disappearance of
(−)

νe and
(−)

νµ which
has not been observed.

The results of our 3+2 global fit are in reasonable agreement with those presented in
ref. [32]. There is a discrepancy in the location of the best-fit point in the ∆m2

41–∆m2
51

plane, but we obtain similar regions for the local χ2 minima. Our allowed regions are
larger than those presented in ref. [32]. I think that such difference is probably due to
a different treatment of the spectral data of the Bugey-3 reactor experiment [38] which
cause the wiggling for ∆m2 � 1 eV2 of the disappearance limit in the left panel of fig. 4
and the exclusion curve in the right panel of fig. 4. Such wiggling is wider in fig. 3 of
ref. [32], leading to deeper valleys of the χ2 function and smaller allowed regions.

In conclusion, I think that we are living an exciting time in neutrino physics which
may prelude to a transition from the well-established three-neutrino mixing paradigm
to a new paradigm of neutrino mixing with sterile neutrinos and possibly other effects
(as non-standard interactions and CPT violation) which are very interesting for the
exploration of the physics beyond the Standard Model. In order to clarify the validity
of the experimental indications in favor of an expansion of neutrino mixing beyond the
standard three-neutrino mixing and resolve the tension between the current positive and
negative experimental results, new experiments with high sensitivity and low background
are needed (see, for example, those proposed in refs. [39-44]).
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Summary. — Establishing all major SM processes and beginning the searches for
new physics was the major goal of the first run of the CERN Large Hadron Collider.
The paper describes the first results obtained by the CMS experiment in studying pp
collisions at

√
s = 7 TeV. We present first the measurements performed on W , Z and

top quark. We then describe the searches for new physics performed by probing any
eventual internal structure of quarks, and by looking for new massive gauge bosons,
microscopic black holes and particles hinting at large extra dimensions. The first
results on the searches for SUSY and Higgs particles at LHC are lastly discussed
together with the prospects for the current 2011-12 running period.

PACS 12.38.-t – Quantum chromodynamics.

1. – Introduction

The Large Hadron Collider and its detectors have been designed to discover a large
range of signals of new physics: the Higgs Boson and eventual super-symmetric partners
of known particles as well as a large set of new massive particles foreseen in many models
for new physics including some of the recently proposed extra-dimensional models.

The Compact Muon Solenoid (CMS) is one of the two “general-purpose” detectors of
LHC [1]. It is located at the experimental Point 5 of the LHC near Cessy (France). The
main distinguishing features of CMS are a large superconducting solenoid magnet, which
creates a strong field of 3.8 T, a state-of-the-art silicon tracker, a highly granular crystal
electromagnetic calorimeter, fully hermetic hadronic calorimeters and a sophisticated and
redundant muon system. The detector has been built thanks to the collective effort of
the CMS Collaboration consisting of more than 3170 scientists and engineers from 182
Institutes distributed in 40 countries all over the world.

Prior to collecting pp collisions the detector has been thoroughly calibrated using
muons produced in cosmic rays. A large data set of more than 109 muons was recorded
in successive campaigns of cosmic ray data taking in 2008-9. As a result of these studies
it was possible to achieve a good understanding of the initial alignment constants of the
major detector components and a detailed map of the magnetic field. They led to an
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excellent control of the momentum resolution and absolute scale. The commissioning
of the detector was then completed using the first LHC pilot runs at 0.9 and 2.36 TeV
collision energies at the end of 2009.

The LHC started 7 TeV operations in spring 2010, at very low luminosity, in the
range of L = 1×1027 cm−2 s−1, but reached quickly instantaneous luminosities exceeding
L = 2 × 1032 cm−2 s−1. In total, an integrated luminosity of 47 pb−1 has been delivered
by the LHC in 2010. With the LHC running in pp mode CMS has collected 43.2 pb−1 of
data corresponding to an overall data-taking efficiency of about 92%. The uncertainty
in the luminosity determination is estimated to be 4%. The overall operational status of
CMS during this data taking was excellent: all sub-systems had a fraction of operational
channels exceeding 98%.

2. – Intermediate vector bosons and top quark

The selection of W and Z bosons candidates is particularly important for CMS since
their production is a benchmark process at the LHC. The Higgs boson at intermediate or
high mass is expected to decay with high branching fractions to pairs of W and Z and,
in general, the intermediate vector bosons are among the main sources of background to
new physics processes.

W candidate events are characterized by a prompt, energetic (ET > 25 GeV), isolated
lepton, and significant missing transverse energy. The main backgrounds are QCD multi-
jet events and Drell-Yan events in which one lepton fails the selection.

Simple selection cuts lead to the distributions of missing transverse energy that are
used to extract the W → lν event yield. It is worth noticing that at the LHC, due
to the quark content of the colliding protons, we expect to measure a production yield
for W+ larger than the corresponding yield for W−. The Z → l+l− candidate events
are required to have two opposite sign leptons satisfying the same selection criteria used
for the W → lν sample. The inclusive cross section measurements are then extracted
from the data using data-driven methods for controlling the lepton efficiency, energy and
momentum scale, resolution and all major sources of background.

Figure 1 shows on the left the invariant mass distributions of the di-muon pair in
logarithmic scale, to enhance the high purity of the selected sample of Z candidates,
while the plot on the right shows the ratio between results and theoretical predictions. It
is worth noticing the amazing experimental precision achieved, 1%, and the excellent
agreement between data and NNLO calculations performed adopting current parton
distribution functions. The largest uncertainty for the cross section measurement comes
from the uncertainty in the measurement of the luminosity that, however, cancels out in
the ratios [2].

To complete the picture, very recently, we produced the measurement of the lepton
charge asymmetry in W decays and the first measurement of the W polarization at a
hadron collider. The lepton charge asymmetry in W events has been measured both
with electrons and with muons in a large pseudo-rapidity range and for two different
thresholds on the minimum transverse momentum of the W (fig. 2, left). The values of
the charge asymmetry measured with electrons and muons are in good agreement with
each other and the precision of the measurement is such that it is challenging the PDF
predictions [3]. The measurement of the W polarization [4] shows that, as expected,
both W+ and W−, are produced by LHC preferably left-handed (fig. 2, right). These
complex and challenging measurements are important benchmarks to prove that precision
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electroweak measurements are being already performed at LHC and many others will
come as soon as additional data are available.

The selection of top quark candidates is particularly challenging since it requires
a complete understanding of all major physics objects as detected by the experiment.
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Searches in CMS for top quark candidates were made looking at channels with high
pT leptons or di-leptons, jets with at least 1 jet b-tagged and missing ET . With a
relatively small data set it was soon possible to identify good event candidates and
to collect evidence for top quark production at the LHC in the lepton+jets and di-
lepton channels. Going through the full statistics collected so far, we have been able
to measure the top pair production cross section using different techniques and various
decay channels leading to a combined measurement of the top production cross section
at LHC of σtt = 158 ± 19 pb [5], value that is in good agreement with the most recent
NLO and approximate NNLO predictions. The complete mastering of all tools needed to
reconstruct and understand top quarks at LHC has been successfully proven through the
first measurement of single top production cross section. The measurement is particularly
challenging as a consequence of the tiny cross section expected for the process and for
the presence of important sources of background mainly due to W+jets and tt events
(fig. 3). The fact that using only 36 pb−1 of LHC data CMS has been able to measure
the single-top production cross section in the t-channel as σt = 83 ± 29.8(stat + syst) ±
3.3(lumi) pb [6] is the best evidence for the readiness of the experiment to explore the
completely new territory made accessible by the LHC collisions.

3. – Quark compositeness and new heavy bosons

Having fully calibrated the detector response with known SM processes we started
a systematic exploration of the new energy regime. The strategy to search for sig-
nals of new physics started by looking first at distributions based on very simple, well
understood physics objects, like di-jets, di-leptons and di-photons. All these can be con-
sidered discovery tools particularly suited to look for signals of quark compositeness,
strongly coupling new resonances or heavy exotic particles with significant production
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Fig. 4. – Distribution of the angular variable χ in dijet events (left); transverse mass for W →
e + ν events in logarithmic scale (right).

cross sections at the LHC. The angular distribution of di-jets is particularly sensitive to
the presence of a contact interaction. If the quarks are composite objects high invariant
mass di-jets will show significant deviations from the smooth angular behavior predicted
by perturbative QCD. The analysis is based on the use of a variable χ = e|y1−y2| (with
y1 and y2 being the rapidity of the two jets) which is constructed to be flat if quarks have
no internal sub-structure, but very sensitive to any form of Rutherford scattering. Sig-
natures of new physics that might have a more isotropic angular distribution than QCD
(e.g. quark compositeness) would produce an excess at low values of χ (fig. 4, left). Since
we do not observe any anomaly in the di-jet angular distributions it has been relatively
straightforward to extract a lower limit (95% C.L.) on the contact interaction scale of
Λ = 5.6 TeV [7]. For CMS, so far, quarks are still point-like objects.

New heavy gauge bosons, generally indicated as Z ′ and W ′, are predicted in various
extensions of the Standard Model (SM). The search for a W ′ is usually performed in the
context of the benchmark models where the W ′ boson is considered a heavy analogue
of the SM W boson with the same left-handed fermionic couplings. Thus the W ′ decay
modes and branching fractions are similar to those of the W boson. In this context the
search is performed looking for anomalies in the tail of the distribution of the recon-
structed transverse mass of the W . An example of this distribution for W decaying to
electrons and neutrinos is shown in fig. 4, right, where one can note that events with
transverse mass exceeding 400 GeV/c2 have been collected by CMS. The production of a
W ′ boson would imply an excess of events in the tail of the distribution. Since no excess
is visible in our data, we can extract limits on the production of heavy W ′ vector bosons
at the LHC. Assuming standard-model-like couplings and decay branching fractions and
combining together the decay modes in electrons and in muons, we can exclude a W ′

with mass lower than 1.58 TeV/c2, a value that exceeds the current limits set by the
Tevatron experiments [8]. The most stringent limits to date have been obtained also for
the search of Z ′ where the analysis is conceptually similar [9]. The challenge is to study
in detail the high mass part of the Z resonance tail looking for any excess that could hint
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Fig. 5. – Invariant mass distribution of di-photon events with simulation of the excess foreseen
in a couple of extra-dimensional models (left). Distribution of the variable ST and simulation
of the excess due to the production of microscopic black holes in different models (right).

at the production of new massive bosons. The most important source of background for
both analyses are multi-jet and tt events that must be carefully understood to set limits
on new phenomena.

Many new limits have been published by CMS in the search for exotic particles,
however there is not enough space in this paper to cover all of them. I want to mention
briefly only the direct search for large spatial extra-dimensions and the first direct search
for signature of microscopic black holes at a particle collider.

4. – Extra-dimensions and microscopic black holes

Compact large extra-dimensions are an intriguing proposed solution to the hierarchy
problem of the standard model, which refers to the puzzling fact that the fundamen-
tal scale of gravity, MPl = 1019 GeV/c2, is so much higher than the electroweak scale
MEWSB = 103 GeV/c2. With such a difference in scales, it is difficult to protect the
Higgs mass from radiative corrections without a very high degree of fine-tuning. The
original proposal to use extra dimensions to solve the hierarchy problem assumed a sce-
nario where the SM is constrained to the common 3+1 space-time dimensions, while
gravity is free to propagate through the entire multidimensional space. Because of this,
the gravitational force is effectively diluted, having undergone a Gauss’ law reduction in
the flux. Phenomenologically, this scenario results in s-channel production of massive
Kaluza-Klein (KK) graviton states, which decay into a di-photon final state that can be
detected in modern, hermetic detectors like CMS. A search for large extra-dimensions via
virtual graviton exchange in the di-photon channel has been performed by CMS looking
for an excess of events in the high mass tail of the distribution of the di-photon invariant
mass (fig. 5, left). The new limits, obtained in the range of 1.6–2.3 TeV/c2, depending on
the number of extra-dimensions, can be interpreted as the lower limits on the effective
Planck scale, MD, in these models, and are the most restrictive limits on the existence
of large extra-dimensions to date for their number greater than two [10].
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Another possible manifestation of the fact that the effective Planck scale, MD, could
be brought to the TeV scale for the presence of compactified extra dimensions could be the
production of microscopic black holes. Partons colliding in LHC, once they approach each
other to a distance comparable to the size of extra dimensions, could start feeling the full
strength of gravity and may collapse into a microscopic black hole. The production cross
section can be as high as 100 pb for MD of 1TeV/c2. Once produced, the microscopic
black holes evaporate almost instantaneously by emitting energetic particles. About
three quarters of the emitted particles are expected to be quark and gluons; the rest
is accounted for by leptons, photons, W/Z bosons, and possibly Higgs particles. We
look therefore for events with high multiplicity of energetic objects. Since the main
background comes from copious production of multi-jets that are not well described in
QCD predictions, we must use data-driven methods. We have found that a variable, ST ,
which is defined as the scalar sum of transverse momenta of all the energetic objects in
the event (reconstructed hadronic jets, leptons, photons and missing transverse energy)
can be used to describe the multi-jet QCD background (fig. 5, right). The resulting
background predictions for the inclusive multiplicities of 3, 4, and 5 or more objects in
the final state agree with the observed spectra in the data. As a result, we have been
able to exclude black holes with the minimum masses between 3.5 and 4.5 TeV/c2, for
the values of MD in the range of 1.5–3.5 TeV/c2 and various other model parameters [11].
These limits are the first direct limits on black hole production at particle colliders and
go well beyond potential reach of the Tevatron or cosmic-ray experiments.

5. – Supersymmetry

Supersymmetry is widely considered an attractive theory that is able to solve the
hierarchy problem of the Standard Model at the expense of introducing a large num-
ber of supersymmetric particles with the same quantum numbers as the SM particles,
but differing by half a unit of spin. If R-parity conservation is assumed, supersymmet-
ric particles are produced in pairs and decay to the lightest supersymmetric particle
(neutralino or LSP), leading to a characteristic signature of events with large missing
transverse energy. The dominant production channels of heavy coloured sparticles at the
LHC are squark-squark, squark-gluino and gluino-gluino pair production. Heavy squarks
and gluinos decay into quarks, gluons and other SM particles, as well as neutralinos which
escape undetected, leading to final states with several hadronic jets and large missing
transverse energy.

Just a couple of months after the end of the 2010 data taking CMS performed the
first search for SUSY particles at the LHC in events with two or more energetic jets and
significant missing transverse energy. Since we were looking for massive objects, events
were pre-selected requiring high values of the scalar sum of the transverse energy of jets,
HT > 350 GeV, thus ensuring large hadronic activity in the event. The analysis is then
based on the use of a very simple variable αT = ETj2/MT , where ETj2 is the transverse
energy of the less energetic of the two jets in the event and MT is the transverse mass
of the di-jet system. For a perfectly measured di-jet event, with ETj1 = ETj2 and
jets back to back in φ, and in the limit where the jet momenta are large compared
to their masses, the value of αT is 0.5. In the case of an imbalance in the measured
transverse energies of back to back jets, αT takes on values smaller than 0.5, while for
jets that are not back to back, αT can be greater than 0.5. Values of αT above 0.5
can occur for QCD multi-jet events, either with multiple jets failing the ET > 50 GeV
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Fig. 6. – Distribution of αT for di-jet events (left). Exclusion limits on SUSY produced by
several different analyses (right).

requirement, or with missing transverse energy arising from jet energy resolution or
severe jet energy under-measurements due to detector inefficiencies. On the other hand,
events with genuine missing ET often have much larger values of αT , resulting in a good
separation of signal events from the QCD multi-jet background. As anticipated, these
distributions peak at αT = 0.5 for QCD multi-jet events and then fall sharply in the
range 0.5 to 0.55, reaching a level 4 to 5 orders of magnitude lower than the peak value
(fig. 6, left). Multi-jet events from QCD background are therefore efficiently rejected
by requiring αT to exceed 0.55. A simple generalization of the variable αT can be used
to include final states with more than two jets. A small tail of tt and W+jets and Z
invisible+jets events survive as a possible contamination to the signal region. Data-
driven methods are used to understand all major sources of background. The search for
SUSY signals involves looking for an excess of events in the high αT region. Since no
excess has been observed in the full 2010 data set, we have published limits constraining
significantly the simplest minimal supersymmetric extensions of the SM [12].

A complex set of additional searches has then been performed using many different
topological signatures of SUSY: di-photons and large missing ET , same sign and opposite
sign di-leptons, single leptons and large missing ET , multi-leptons and fully hadronic
final states with large missing ET . None of these searches produced so far hints of
production of SUSY particles at the LHC. Using conservative statistical tools we have
extracted limits from the experimental data producing new results exceeding significantly
the best measurements performed so far by the Tevatron experiments. Figure 6, right,
summarizes the exclusion limits produced by these analyses for a particular choice of
SUSY parameters. The highest exclusion limits are obtained using the fully hadronic
final states. Based on the results obtained from the analysis of the 2010 data, we can
extrapolate that, if supersymmetry is really a symmetry of nature, it will be definitely
possible to detect SUSY signals in the 2011-12 LHC data, supposed to be 50-100 times
larger with respect to the amount of data so far analyzed.
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6. – Higgs boson

The search for the Higgs boson is one of the most ambitious goals of the LHC experi-
ments. The amount of data collected in 2010 was not large enough to perform a complete
and exhaustive search that can yield, in general, competitive results with respect to the
Tevatron Collider. This has been possible, so far, only for a couple of analyses. One
analysis is the search for the SM Higgs in the W+W− channel with the Higgs production
cross section enhanced by the presence of a fourth generation.

A possible extension of the SM is the addition of a fourth family of fermions. For
large lepton and quark masses, this extension has not been excluded by existing con-
straints. The presence of another family of fermions would produce an enhancement of
the dominant gluon fusion cross-section. The irreducible background for H → W+W−

production is the SM non-resonant production of W+W−. A good understanding of this
process and of its properties is needed anyway since the W+W− channel is particularly
sensitive in the intermediate mass range (120–200 GeV/c2) and is therefore considered
a sort of work-horse for the search of the SM Higgs boson. This is why the search was
performed in conjunction with the first measurement of the W+W− production cross
section at LHC.

W+W− candidates are selected in events with two high pT leptons, electrons or muons
and large missing ET . Leptons originating from H → W+W− decays tend to have a
relatively small opening angle, while those from WW backgrounds are preferentially
emitted back-to-back. The opening angle between the two leptons, ∆φll, is therefore a
variable providing the best discriminating power between the Higgs boson signal and the
majority of the backgrounds in the low mass range. Figure 7, left, shows the distribu-
tion of ∆φll, after applying the W+W− selections, for a SM Higgs boson signal with
mH = 160 GeV/c2, and for the major sources of backgrounds. Since no excess above the
SM expectations was found in the lower ∆φll region, upper limits on the Higgs boson
production cross section have been derived. In the presence of a sequential fourth family
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of fermions with very high masses, a Higgs boson with standard model couplings and a
mass between 144 and 207 GeV/c2 has been excluded at 95% condence level [13].

The second analysis yielding new results on Higgs is the search for MSSM Higgs
decaying to τ pairs. The minimal supersymmetric extension to the standard model
(MSSM) requires the presence of two Higgs doublets. This leads to a more complicated
Higgs boson sector, with five massive Higgs bosons: a light neutral scalar (h), two charged
scalars (H±), a heavy neutral CP -even state (H) and a neutral CP -odd state (A). The τ
pair decays of the neutral Higgs bosons, having a branching ratio of about 10%, serve as
the best experimental signature for this search. The b mode, though it has a much larger
branching ratio, suffers from an overwhelming background from QCD processes. Three
final states where the τ decays leptonically or hadronically are used in our analysis: e+τh,
µ + τh, and eµ, where we use the symbol τh to indicate a reconstructed hadronic decay
of a τ . The ee and µµ final states suffer too much background from Z → e+e−(µ+µ−)
events to be usable. The observed τ pair mass spectrum reveals no evidence for neutral
Higgs boson production, and we determine an upper bound on the product of the Higgs
boson cross section and τ pair branching ratio. These results, interpreted in the MSSM
parameter space, exclude a previously unexplored region reaching as low as tanβ = 23 at
mA = 130 GeV/c2 (fig. 7,right) [14]. The results obtained in the searches for the Higgs
boson using the 2010 data set bodes well for the current LHC data taking. Assuming
that in 2011-12 the LHC will deliver to the experiments an integrated luminosity in a
range of 5–10 fb−1, as it appears to be possible extrapolating on last year’s performance
of the machine, we are confident to be able to exclude the SM Higgs boson in the mass
range between 120 and 600 GeV/c2, or to discover it with the combination of ATLAS
and CMS results.

7. – Conclusion

We have presented the first physics results obtained using pp collisions at 7 TeV. Af-
ter a few months of data taking we have achieved a good understanding of the detector
performance and of the Standard Model properties at 7 TeV. Soon afterwards we have
started the systematic exploration of the new energy regime in the quest for signals of new
physics. New limits have been produced in many searches: quark compositeness, new
vector bosons, extra dimensions. Lastly, the first studies on the searches for SUSY par-
ticles and the Higgs boson in LHC data have been presented together with the prospects
for the current 2011-12 running period.
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Summary. — The ALICE experiment, dedicated for heavy-ion collisions at the
LHC, is taking data with proton-proton collisions since November 2009. This con-
tribution summarizes the first year of operation and performance of the ALICE de-
tector at the LHC as well as the first results from pp collisions at 0.9 TeV and 7 TeV.
In particular, results on global event properties and identified particle spectra, in-
cluding strangeness, open charm and charmonium production, will be discussed.

PACS 12.38.-t – Quantum chromodynamics.
PACS 12.38.Mh – Quark-gluon plasma.

1. – Introduction

The ALICE detector is very different in both design and purpose from the other
experiments at the CERN Large Hadron Collider (LHC). Its main aim is the study
of matter under extreme conditions of temperature and pressure, i.e. the Quark-Gluon
Plasma (QGP), in collisions between heavy ions. With an energy up to almost 30 times
higher than that of RHIC, the BNL heavy-ion collider, a very different type of QGP,
in terms of initial temperature, lifetime and system volume can be formed at the LHC.
Furthermore, for the first time, a conspicuous production of hard signals like jets and
heavy quarks which serve as probes to study QGP properties can be observed. Data
taking with proton-proton collisions is very important for ALICE, primarily to collect
comparison data for the heavy-ion programme. Therefore, our goal in 2010 was to collect
about 109 Minimum-Bias (MB) pp collisions, to provide sufficient comparison statistics
for the first heavy-ion run which took place in November-December 2010. However, given
the specific capabilities of the ALICE detector, complementary to those of the other LHC
experiments, a number of measurements concerning soft and semi-hard QCD processes
are of interest on their own in pp collisions, and are part of the physics programme [1].
More in detail, the large MB pp sample was used to provide a detailed characterization of
global event properties over a range of LHC energies, which can be very useful for tuning
Monte Carlo generators to better describe the QCD background underlying searches for
new physics. Furthermore, results on identified particles, including strange mesons and
baryons, open charm and charmonium, were also obtained.
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The very first proton-proton collisions in the ALICE intersection region occurred on
23rd November 2009, at a centre-of-mass energy

√
s = 0.9 TeV, during the commissioning

of the accelerator. The first few hundreds of recorded pp events served to measure the
charged-particle pseudorapidity density in these collisions [2], the first published result
obtained with particle collisions at the LHC. At the end of the 2009 commissioning run,
the LHC achieved the highest energy of

√
s = 2.36 TeV, at which ALICE collected data

on a few 104 pp collisions. After the winter shutdown, the LHC running resumed in
March 2010 at the collision energy of

√
s = 7 TeV. During 2010, ALICE has collected at

this energy more than 8× 108 MB triggers and about 1.3× 108 muon triggers, the latter
corresponding to an integrated luminosity larger than 100 nb−1. In ALICE, the MB
trigger corresponds to the detection of a charged particle in the most central 5 η-units,
while a muon trigger requires, in addition, the detection of a particle in the forward muon
spectrometer covering the region 2.5 < η < 4.

The first data taking with Pb-Pb collisions took place at the end of 2010. A summary
of the first results can be found in [3].

2. – Detector

The ALICE detector consists of a central part, which measures hadrons, electrons
and photons, and a forward spectrometer to measure muons. The central part, which
covers the pseudorapidity range |η| < 1 over the full azimuth, is embedded in the large
L3 solenoidal magnet supplying a field of 0.5 T. This part consists of: an Inner Tracking
System (ITS) of high-resolution silicon detectors; a cylindrical Time-Projection Cham-
ber (TPC); three particle-identification arrays of Time-Of-Flight (TOF), Transition-
Radiation-Detector (TRD), and Čerenkov-ring-imaging (called HMPID) counters; two
single-arm electromagnetic calorimeters (high resolution PHOS and large acceptance
EMCAL). The forward muon spectrometer covering −4 < η < −2.5 consists of an ar-
rangement of hadron absorbers, a large dipole magnet with a field integral of 3 Tm, and 14
stations of tracking and triggering chambers. Several smaller detectors for triggering and
multiplicity measurements (VZERO, T0, FMD, PMD, ZDC) are located at small angles.
The main design features include: a robust and redundant, but limited-pseudorapidity-
acceptance tracking, designed to cope with the very high particle density in nuclear
collisions; a minimum of material in the sensitive tracking volume (10% of radiation
length between interaction point and outer radius of the TPC) to reduce multiple scat-
tering; several detector subsystems dedicated to particle identification over a large range
in momentum. The layout of the ALICE detector and its eighteen different subsystems
are described in detail in [4]. The experiment is essentially fully installed, commissioned
and operational. Two subsystems (TRD and EMCAL) which were added more recently
in the experiment, had, for the 2010 run, about 40% of their active area installed and
will be completed for the next runs. The many years of preparation, analysis tuning with
simulations, and detector commissioning with cosmic rays during much of 2008-2009 re-
sulted in having most of the detector components working with collisions rather close to
performance specifications. As an example of the performance, the energy-loss distribu-
tion in the TPC is shown in fig. 1 (left panel) as a function of momentum, demonstrating
the clear separation between particle species reached in the non-relativistic momentum
region. After careful calibration with radioactive krypton injected into the gas volume
and with cosmic-ray data, the energy loss resolution is about 5–6%, corresponding to
design value. To demonstrate, as another example, the TOF performance, in fig. 2 (right
panel) the particle velocity β is shown as a function of the rigidity, separately for positive
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Fig. 1. – Left: dE/dx spectrum versus momentum in the ALICE TPC for 7 TeV pp collisions.
The lines are a parameterization of the Bethe-Bloch curve. Right: Particle velocity β measured
with TOF, as a function of momentum.

and negative charges. The inferred time resolution of the TOF detector is about 90 ps,
very close to its design specification.

3. – Physics results

At the time of this conference, a large number of physics results have already been
obtained, and only a few of them, for reasons of space, can be shortly summarized in this
contribution.

The charged-particle pseudorapidity density dNch/dη as well as the multiplicity dis-
tributions were measured at 0.9 TeV, 2.36 TeV and 7 TeV at mid-rapidity [2, 5, 6]. The
energy dependence of the multiplicity density, shown in fig. 2 (left panel), is well described
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by a power law in energy, and this increase is significantly stronger than that predicted
by most event generators (fig. 2, right panel). Most of this stronger increase happens
in the tail of the multiplicity distribution, i.e. for events with much larger than average
multiplicity. Likewise, neither the transverse momentum distribution at 0.9 TeV, nor the
dependence of average pT on multiplicity, is well described by various versions of event
generators [7], in particular when including low-momentum particles (pT < 0.5 GeV/c).
The shape of the pT spectra for different multiplicity classes is very similar below 1 GeV/c
(which includes most of the produced particles), whereas the power-law tail of these pT

spectra (above 1 GeV/c) is significantly steeper for low-multiplicity events than for those
with high multiplicities.

The LHC, by far the highest energy proton-proton collider, is well suited to study
baryon-number transport over very large rapidity intervals by measuring the antiproton-
to-proton ratio at mid-rapidity [8] (∆y = 8.92 at

√
s = 7 TeV) in order to discriminate be-

tween various theoretical models of baryon stopping. An asymmetry in proton-antiproton
production at mid-rapidity can be caused by baryon-number transfer from the incoming
proton. Baryon number is carried by a non-perturbative configuration of gluon fields
called string junction [9], where the three strings coming from the valence quarks of a
baryon join. The antiproton-to-proton ratio, shown in fig. 3, is found to be compatible
with unity at

√
s = 7 TeV and 4% below 1 at

√
s = 0.9 TeV, with an experimental un-

certainty of about 1.4%, dominated by the systematic error. This result favours models
which predict a strong suppression of baryon-number transport over large rapidity inter-
vals; they agree very well with standard event generators but not with those which have
implemented an enhanced baryon number transport.

Strangeness production has been studied already in the first sample of pp collisions
collected at the LHC, at

√
s = 0.9 TeV. The results include yields and transverse mo-

mentum spectra of mesons containing strange quarks (K0
S , φ) and singly/doubly strange

baryons (Λ, Λ, Ξ + Ξ). The results can be compared with predictions for identified
particle spectra from QCD-inspired models and provide a baseline for comparisons with
both pp measurements at higher energies and heavy-ion collisions. For all species the
transverse momentum spectra are found to be slightly harder (i.e. they have a slower
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decrease with pT) than the models. As an example, we show in fig. 4 (left) the shape
of the pT spectra for the Λ, compared to PHOJET and to several tunes of PYTHIA.
For transverse momenta larger than ∼ 1GeV/c, the strange particle spectra are strongly
underestimated by all models, by a factor of ∼ 2 for K0

S and even ∼ 3 for hyperons. The
discrepancy is smaller in the case of the φ.

The baryon to meson ratio as a function of pT obtained with the Λ+Λ and K0
S spectra

measured by ALICE is presented in fig. 4 (right). It includes the (Λ+Λ)/2K0
S ratio in pp

collisions at 200 GeV measured by STAR, and the ratios in pp collisions at 630 GeV and
1800 GeV computed with the Λ + Λ and K0

S spectra published by CDF and UA1. UA1
and CDF Collaborations provide inclusive spectra. The associated ratios are therefore
not feed-down corrected, unlike the ALICE and STAR ones. The acceptance windows of
these experiments differ significantly: ALICE measures Λ, Λ and K0

S in |y| < 0.75, STAR
in |y| < 0.5, CDF in |η| < 1.0, whereas UA1 reconstructs Λ + Λ in |η| < 2.0 and K0

S in
|η| < 2.5. The ALICE ratio agrees very well with the STAR results in the measured pT

range, which would suggest little or no energy dependence of (Λ + Λ)/2K0
S . A similar

conclusion can be drawn when comparing only the ratios measured by CDF at 630 GeV
and 1800 GeV, although the ratio found by CDF for pT > 1.5 GeV/c is higher than the
one observed with ALICE and STAR. The ratio computed from UA1 spectra however
shows a clear disagreement with the other measurements in an intermediate pT range
between pT ∼ 1.5 GeV/c and pT ∼ 3.0 GeV/c. PYTHIA simulations show that this
discrepancy cannot be attributed to the differences in the acceptance or in the colliding
system (i.e. pp instead of pp); effects related to difference between the experiments in
acceptance, trigger or feed-down corrections for weak decays might play a role.

The measurement of charm cross sections is needed as baseline data for our heavy-ion
programme and it is of interest for comparisons with perturbative QCD calculations.
The ALICE detector can measure charm production at midrapidity down to very low
momenta using various hadronic decay channels. The very good signal-to-background
ratio even at low transverse momenta (down to 2 GeV/c) is a consequence of both the
use of particle identification and the excellent performance of the ITS vertex detector,
which has reached an impact-parameter resolution of around 80µm at pT = 1 GeV/c.
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Fig. 5. – D0, D+, and D∗+ pT-differential production cross sections in |y| < 0.5 in pp collisions
at

√
s = 7 TeV, compared to pQCD calculations. The pT-integrated D0 → K−π+ signal in the

Kπ invariant mass distribution is also shown.

An invariant-mass analysis (see fig. 5 for an example concerning D0) is then used to
extract the raw signal yield, to be then corrected for detector acceptance and for PID,
selection and reconstruction efficiency, evaluated from a detailed detector simulation.
The contamination of D mesons from B meson decays is estimated to be about 15%,
using the beauty production cross section predicted by the FONLL (fixed-order next-
to-leading log) calculation [11] and the detector simulation, and it is subtracted from
the measured raw pT spectrum, before applying the efficiency corrections. The D0,
D+, and D∗+ pT-differential production cross sections in |y| < 0.5 are shown in fig. 5.
Theoretical predictions based on pQCD calculations (FONLL [11] and GM-VFNS [12])
are in agreement with the data.

The study of charmonium production plays an essential role in heavy-ion physics
since the production of a hot, deconfined medium should lead to a suppression of cc
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extends down to pT = 0. See [13] for details and references to other experimental results.

bound states. A similar effect should also be visible in the bottomonium sector. As
for other observables, pp reference data are essential as a baseline, and are useful to
constrain theoretical models for hadro-production. In ALICE, J/ψ has been studied [13]
over a large y range, including central (|y| < 0.9) and forward rapidity (2.5 < y < 4),
and in both regions the transverse momentum coverage extends down to pT = 0. At
central rapidity leptons from the J/ψ → e+e− decay are identified in the TPC, and
the use of TOF and TRD to increase the purity of the signal is currently under study.
At forward rapidity, muons from the J/ψ → µ+µ− decay are measured in the forward
muon arm. In fig. 6 (left) the J/ψ transverse momentum distributions for pp collisions
at

√
s = 7 TeV are shown and compared with results from the other LHC experiments.

The ALICE muon measurement and the LHCb result, covering the same y range, are
in good agreement, while the ALICE electron result complements the high pT ATLAS
and CMS distributions, reaching pT = 0. In fig. 6 (right) we present dσ/dy for ALICE,
compared with results from other experiments, quoted when their pT coverage extends to
zero. Also in this case, a good agreement is found. It has to be noted that these results
assume that J/ψ production is unpolarized. A direct measurement of J/ψ polarization,
through the study of the angular distribution of the decay leptons, is currently underway
and is extremely relevant for theory since models are not generally able to reproduce at
the same time pT distributions and polarization.

4. – Conclusions

After nearly twenty years of design, R&D, construction, installation, commissioning
and simulations, the ALICE experiment is taking data since LHC started its operation
at the end of 2009. Most systems have reached design performance, and several physics
results are now available. Even if heavy-ion physics is the main subject, the experiment
can also explore the LHC energy territory with pp collisions. The results, which have
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been shortly outlined in this contribution, represent a fundamental reference for nuclear
collision results [3] but also an interesting testing ground for QCD-related topics, from
soft to semi-hard observables.

∗ ∗ ∗
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Summary. — Quantum Chromodynamics (QCD) measurements represent an ex-
tensive part of the early physics program of the ATLAS experiment at LHC. In this
contribution a selection of the first ATLAS QCD measurements is presented. The
results are based on a part of the data sets collected during 2010 at the centre of
mass energy of

√
s = 7 TeV. The contribution includes an overview of the underly-

ing event studies. A large number of measurements involving jets is also illustrated.
After the investigation of jet shapes, the measurements of the cross section of the
inclusive, dijet, multi-jet and bosons plus jets processes are presented. The angular
decorrelations results in dijet events are also discussed. Finally the measurement of
the prompt photon cross section is shown. The measurements are compared to the
predictions from different Monte Carlo (MC) generators implementing leading-order
(LO) matrix elements supplemented by parton showers, and to next-to-leading order
(NLO) perturbative QCD (pQCD) calculations.

PACS 12.38.-t – Quantum chromodynamics.

1. – Introduction

The LHC started colliding protons at a centre of mass energy of
√

s = 7 TeV early
in 2010. The luminosity of the machine has grown roughly exponentially with running
time. By the end of the 2010 run, a sample of integrated luminosity around 45 pb−1

was collected, at a peak luminosity of around 1032 cm−2 s−1. The ATLAS detector [1]
performed well throughout the 2010 run and its response was quickly understood.

The QCD measurements are one of the most important chapters of the ATLAS early
physics program. They are interesting in their own right as tests of the phenomenology
of the strong interaction at the previously unexplored energy domain probed by the
LHC. The hard QCD measurements can be compared with the available NLO pQCD
calculations, providing a validation of the theory in the new kinematic regime, whereas
deviations from the pQCD predictions could translate into a hint of new physics. In
addition the hard QCD processes, mainly constituted by jet physics, form important
backgrounds for both Standard Model and Beyond Standard Model physics processes,
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therefore a detailed measurement of these processes represents already the first step of
the ATLAS discovery program.

In order to perform precise physics measurements or searches for new physics phe-
nomena at hadron colliders, it is essential to have a good understanding not only of
the QCD hard scattering process but also of the accompanying beam-beam remnants
and the multiple parton interactions, that are the main components of the underlying
events. The MC event generators that include LO matrix elements supplemented by
parton shower need to be tuned on the data to perform an adequate description of these
phenomena. By measuring the observables sensitive to the underlying event, a deeper
insight into different contributing processes can be gained and the MC models can be
improved.

In this contribution a review of the first QCD measurements is presented including
the underlying event results, many hard QCD measurements involving jets and finally
prompt photons measurements. Most of the results presented here are based on small
data sets ranging from integrated luminosities of 17 nb−1 to about 300 nb−1. Although
the data sample is modest, the large cross section for QCD processes already allowed
significant tests of this phenomenology, with an extension of the kinematical reach beyond
the measurements from previous experiments.

2. – The underlying event

The underlying event is defined as everything in the event except the hard scatter
itself, so it consists of the accompanying beam-beam remnants and the multiple parton
interactions. It also receives contributions from initial and final state parton QCD ra-
diation. The underlying event has been first investigated at ATLAS through the study
of the charged particles reconstructed in the Inner Detector [2]. The charged particles
in every event are categorized according to their azimuthal angles φ. A “toward” region
is then defined by the φ value of the highest-pT track, which strongly correlates with
the φ of the hardest scattering in the event. A “transverse” region is then defined by
60◦ < |∆φ| < 120◦, with |∆φ| measured relative to the leading track. Little activity asso-
ciated with the hard scatter is expected in this region and it is thus the most sensitive to
underlying event effects. The data are corrected back to the particle level and the distri-
butions are compared with the predictions from different MC models. Figure 1 shows the
average number of central charged particles (|η| < 2.5, pT > 0.5 GeV) per event in the
transverse region. The level of activity is larger than that predicted by the underlying
event model implemented in the different MCs using pre-LHC tunings. An underlying
event analysis has also been performed using calorimeter information with similar con-
clusions [3]. The new tunes of MCs obtained by attempting to fit the charged particle
multiplicity distributions in a diffraction limited phase-space, and also using the plateau
of the underlying event distributions shown here results in a significant improvement [4].

3. – The jet shapes

Jets are distinctive signature of short-distance (hard) interactions between partons,
and probe different aspects of high-pT physics. Most of the results presented here are
based on jets which are reconstructed using the anti-kt algorithm [5] with a distance
parameter R = 0.6. The inputs to the anti-kt jet algorithm are clusters of calorime-
ter cells seeded by cells with energy that is significantly above the measured noise [6].
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Fig. 1. – The charged particle multiplicity density as a function of the transverse momentum
of the leading track restricted to azimuthal angles transverse to the leading particle. Data are
compared with MC models.

The measured jet pT is corrected to the particle level scale using an average correction,
computed as a function of jet transverse momentum and pseudorapidity, and extracted
from MC simulation. The main systematic uncertainty in the measurements presented
here constitutes the jet energy scale uncertainty which, by the time of these studies, is
determined to below 7% for central jets above 60 GeV transverse momentum [7].

The jet shapes [8] measurement tests the detailed modelling of jets in the MC genera-
tors. The shape of the jet depends on the type of partons (quark or gluon) that give rise
to jets in the final state, and is also sensitive to non-perturbative fragmentation effects
and underlying event contributions from the interaction between proton remnants. A
proper modeling of the soft contributions is crucial for the understanding of jet produc-
tion in p-p collisions and for the comparison of the jet cross section measurements with
pQCD theoretical predictions. The differential jet shape ρ(r) is defined as the average
fraction of jet transverse momentum that lies inside an annulus of thickness ∆r = 0.1
around the jet axis, normalized to the thickness. The measurements are carried out
in the kinematic region with transverse momentum 30GeV < pT < 600GeV and ra-
pidity in the region |y| < 2.8 [9]. Figure 2 shows the measured differential jet shape
corrected for detector effects separately for low-pT (left) and high-pT jets (right); the
data are compared to several leading order QCD matrix element plus parton shower
MC predictions, including different sets of tuning parameters. As expected, the mea-
sured jets become narrower with increasing jet transverse momentum. The jet shapes
predicted by PYTHIA-Perugia2010 [10] provide a reasonable description of the data.
HERWIG++ [11] predicts broader jets than the data at low and very high pT , while
ALPGEN [12] and PYTHIA-MC09 tend to produce narrower jets than the data.

4. – The inclusive jet, dijet and multijet cross sections

The first ATLAS inclusive jet and dijet data have been published using a data sample
with an integrated luminosity of 17 nb−1 [7]. The jet cross section measurements are
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corrected for all experimental effects. They are performed in the kinematic region pT >

60 GeV and |y| < 2.8 (in the dijet measurement the second leading jet should have
pT > 30 GeV). This ensures that jets lie well within the high efficiency plateau region
for the triggers used and that the jets are in a region where the jet energy scale is
well understood. Figure 3 (left) shows the inclusive jet double-differential cross section
measured as a function of the jet pT in different rapidity regions. Figure 3 (right) shows
the dijet differential cross section measured as a function of the invariant mass of the
dijet system (m12) binned in the maximum rapidity of the two leading jets. The cross
sections extend into previously unmeasured kinematic regimes. For inclusive jets, the pT
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distribution extends up to 600 GeV. For dijet events, the dijet mass distribution extends
up to nearly 2 TeV. The measurements have been compared to NLO pQCD calculations
corrected for non perturbative effects. The theory agrees well with the data.

A particularly challenging class of jet production pertains to the study of events with
more than two jets in the final state. Multijet events provide a particularly fertile testing
ground for perturbative QCD at high energies. First ATLAS results are shown in [13].
The measurements are well described within uncertainties by the leading order matrix
element calculation provided by ALPGEN, and PYTHIA describes the shapes of the
distributions adequately.

5. – The dijet azimuthal decorrelation

The measurement of dijet angular decorrelations constitutes a very interesting method
to access multi parton production using only the two hardest jets per event. In pure dijet
signatures the two jets are back to back in the transverse plane due to energy momentum
conservation. These events have small azimuthal decorrelations, ∆φ = π, while ∆φ ≪ π

is typical of events with several high-pT jets. QCD also describes the evolution of the
shape of the ∆φ distribution, which narrows with increasing leading jet pT . A detailed
understanding of events with large azimuthal decorrelations is important to searches for
new physical phenomena with dijet signatures, such as supersymmetric extensions to the
Standard Model. Figure 4 shows the measurement of the differential cross section binned
in different regions based on the pT of the leading jet [14]. The data are compared to
various MC generators. A reasonable description is given by all MC generators within
the measurement uncertainties.
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6. – The boson plus jets cross section

The production of jets in association with W or Z bosons forms an important back-
ground for both Standard Model and Beyond Standard Model physics processes. A
detailed measurement is needed to validate and tune the MCs. The first ATLAS mea-
surement of the inclusive W+jets cross section [15] and of the inclusive Z+jets cross
section [16] is based on an integrated luminosity of 1.3 pb−1. Figure 5(left) shows the
cross sections in the electron decay mode of the W boson as a function of jet multiplic-
ity; the results have been corrected for all known detector effects and are quoted in a
limited and well-defined range of jet and lepton kinematics: p

j
T > 20 GeV and |ηj | < 2.8,

Ee
T > 20 GeV, |ηe| < 2.47 (excluding 1.37 < |ηe| < 1.52), pν

T > 25 GeV MT > 40 GeV,
∆Re,j > 0.5, where e, j and ν denote the electron, the jet and the neutrino, respec-
tively. The measured cross sections are compared to particle-level predictions based on
perturbative QCD. Next-to-leading order calculations are found in good agreement with
the data. Leading-order multi parton event generators, as ALPGEN and SHERPA [17],
normalized to the NNLO total cross section, describe the data well for all measured jet
multiplicities. PYTHIA underestimates the cross section.

Figure 5(right) shows the first ATLAS total Z+jets cross sections as a function of jet
multiplicity, in a similar kinematic region to the W+jets measurement. In this case the
data amount is reduced by a factor 10, due to the smaller Z production cross section
compared to the W, but the general conclusions are similar to the W+jets measurement
within the quite large statistical uncertainty.
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Fig. 6. – The measured and the expected inclusive prompt photon production cross section, for
photons with transverse energies above 15 GeV and in the pseudorapidity range |η| < 0.6.

7. – The prompt photon cross section

The prompt photon production at hadron colliders probes perturbative QCD predic-
tions [18]. They provide a colorless probe of quarks in the hard partonic interaction and
the subsequent parton shower. Their production is directly sensitive to the gluon con-
tent of the proton through the qg process, which dominates at leading order (LO). The
measurement of the prompt photon production cross section can thus be exploited to
constrain the gluon density function. The first ATLAS measurement of the inclusive iso-
lated prompt photon cross section is based on an integrated luminosity of 880 nb−1 [19].
Figure 6 shows the measured inclusive isolated prompt photon production cross sections
as a function of the photon transverse energy in the pseudorapidity range |ηγ | < 0.6
and in the transverse energy range 15 < E

γ
T < 100 GeV. The data are compared to

NLO pQCD calculations done with JETPHOX [20]. The measured cross section is in
agreement with the theoretical predictions for ET > 25 GeV.

8. – Conclusions

In this contribution the first QCD measurements in p-p collisions at
√

s = 7 TeV have
been presented using the data from the initial data taking phase of the ATLAS experiment
at LHC. The data are corrected for detector effects and compared to different leading-
order matrix elements plus parton shower MC predictions and to NLO calculations.
Properties of hadronic jets have been determined and their cross sections have been
measured.

The results for underlying event and jet shapes reported in this paper indicate the
potential of these measurements at the LHC to constrain the current phenomenological
models for soft gluon radiation, underlying event activity, and non-perturbative frag-
mentation processes in the final state. The new tunes of the MCs obtained using the
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underlying event distributions have been already implemented and show a significant
improvements compared to the pre-LHC tunings.

The cross section measurements of the processes presented here show in general a good
agreement with NLO QCD calculations and state of the art MC generators, including
phase space regions not covered by earlier experiments. This is a decisive test of QCD
itself and a very important prerequisite for searches for new physics.

At the time these proceedings are written, preliminary updates of these results with
the full 2010 data set have been presented by the Collaboration [21]; the results in general
confirm the conclusions of the measurements done with early data.
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Summary. — In this contribution we briefly report on the progress and open prob-
lems in parton distribution functions (PDFs), with emphasis on their implications
for LHC phenomenology. Then we study the impact of the recent ATLAS and CMS
W lepton asymmetry data on the NNPDF2.1 parton distributions. We show that
these data provide the first constrains on PDFs from LHC measurements.

PACS 12.38.-t – Quantum chromodynamics.
PACS 12.38.Lg – Other nonperturbative calculations.

1. – Progress and open problems in parton distributions

The quantitative control of the Standard Model contribution to collider signal and
background processes at the few percent level is a necessary ingredient not only for pre-
cision physics, but also for discovery at the LHC. The precision determination of parton
distribution functions (PDFs) is essential in order to achieve this level of theoretical
accuracy.

There has been substantial progress in PDF analysis in the last years, and it is thus
impossible to review it in detail in this contribution. A recent concise report of the
status of the field can be found in ref. [1], while more detailed reviews can be found in
refs. [2-5]. In this contribution we restrict ourselves to highlight some important topics
in PDF determinations. First of all, we will sketch the current status of PDF fits and
discuss some of the open problems in the field. Then we will discuss how the ATLAS
and CMS measurements of the W lepton asymmetry data provide the first constraints
on PDFs from the LHC, thus paving the way for PDFs based on LHC data.

PDF analysis have entered the era in which they can be considered as a quantitative
science. An ideal PDF determination should satisfy several important requirements [2].
These include being based on a dataset which is as wide as possible, in order to ensure
that all relevant experimental information is retained, to use a sufficiently general and
unbiased parton parametrization and to provide statistically consistent confidence levels
for PDF uncertainties. Moreover, such ideal set should include heavy quark mass effects
through a GM-VFN scheme [6] and be based on computations performed at the highest
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Table I. – Summary of the features of the most updated PDF sets from each group. The CT10,

MSTW08 and NNPDF2.1 sets include data from a wide variety of physical processes and are

thus called global PDF sets. See text for more details.

Ref Dataset Parametrization PDF uncertainties

ABKM09 [14] DIS+DY Polynomial Hessian, standard tol.

CT10 [15] DIS+DY+W/Z+jet Polynomial Hessian, dyn. tol.

HERAPDF1.0 [16] DIS Polynomial Hessian, standard tol.

JR08 [17] DIS+DY+jet Polynomial Hessian, fixed tol.

MSTW08 [18] DIS+DY+W/Z+jet Polynomial Hessian, dyn. tol.

NNPDF2.1 [12] DIS+DY+W/Z+jet Neural Nets Monte Carlo

PT order Heavy Quarks Strong coupling

ABKM09 NLO/NNLO FFNS Fitted

CT10 NLO S-ACOT-χ Fixed + range of values

HERAPDF1.0 NLO TR Fixed

JR08 NLO/NNLO FFNS Fitted

MSTW08 LO/NLO/NNLO TR Fitted + range of values

NNPDF2.1 NLO FONLL-A Fixed + range of values

available perturbative order. Finally, PDF sets should be provided for a variety of values
of αs, reasonably thinly spaced, similarly for the heavy quark masses, and should include
an estimate of uncertainties related to the truncation of the perturbative expansion.
While for each of these aspects there has been sizable progress in the recent years, still
no PDF sets fulfills all these conditions.

One important development in PDFs in the recent years has been the NNPDF ap-
proach [7-11]. Thanks to a combination of Monte Carlo techniques and the use of artificial
neural networks, the NNPDF approach avoids some of the drawbacks of the standard
approach like the bias due to the arbitrary choice of input functional forms or the use of
linear approximations for PDF uncertainty estimation. The most updated NNPDF set
is NNPDF2.1 [12], an unbiased NLO global fit of all relevant hard scattering data based
on the FONLL-A GM-VFN scheme [13].

Several groups provide regular updates of their PDF sets: in alphabetic order these
are ABKM, CT, HERAPDF, JR, MSTW and NNPDF. In table I we summarize some
of the features of the most updated PDF sets from each collaboration. We consider only
those sets available in the LHAPDF library. We compare the dataset, parametrization,
method to estimate PDF uncertainties, perturbative order at which PDFs are available,
the theoretical schemes adopted to include heavy quark mass effects and the treatment of
the strong coupling αs. More details on each of these issues can be found in refs. [2,4,5],
as well as in the original publications of each group.

The main difference arises from the data sets used in each of the various analysis.
The CT10, MSTW08 and NNPDF2.1 sets include data from a wide variety of physical
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Fig. 1. – Comparison of the NLO total cross sections for W+ and tt̄ production and their
combined PDF+αs uncertainties at the LHC 7 TeV between the most updated PDF sets of each
group. Plots from G. Watt.

processes and are thus called global PDF sets. Other PDF sets use more restrictive
subsets, like ABKM09, which excludes Tevatron jet and weak vector production data
and HERAPDF1.0, that is based solely on HERA data.

PDFs are typically parametrized with relatively simple functional forms like
q(x, Q2

0) ∼ xa(1 − x)bP (x, c, d, . . .) with P a polynomial that interpolates between the
small- and large-x regions. These unjustified theoretical assumptions introduce a po-
tentially large functional form bias in PDF determinations. The NNPDF approach by-
passes this problem using neural networks as universal unbiased interpolants. Related
techniques for general PDF parametrizations like Chebishev polynomials have also been
discussed in the literature [19, 20].

PDF uncertainties are estimated by all groups (but NNPDF) using the Hessian

method. However, different choices for the tolerance T =
√

∆χ2 adopted to define
1-sigma PDF uncertainties are used. For example, while HERAPDF1.0 and ABKM08
are based on a textbook tolerance ∆χ2 = 1, MSTW08 and CT10 adopt a dynamical
tolerance criterion that results in tolerances ∆χ2 ≥ 1, which are moreover different for
each eigenvector direction. The need for large tolerances has been suggested to partly
arise when restrictive input functional forms are used [20]. NNPDF, on the other hand,
is based on the Monte Carlo approach, that is, a sampling in the space of experimental
data, that allows an exact uncertainty propagation from data to PDFs and from these
to physical observables.

Recently, a detailed benchmarking of the predictions for relevant LHC observables
from modern NLO PDF sets was performed in the context of the PDF4LHC working
group [5]. In fig. 1 we compare the NLO predictions for different PDF sets for two
important LHC observables, the total W+ and tt̄ cross sections. One of the conclusions
from that study is that the agreement between global PDF sets is reasonable for most
LHC processes, much better than for sets based on restrictive datasets. However, it was
also clear that even within global sets there are important discrepancies whose origin
needs still to be understood, related for example to the large-x gluon and to strangeness.
Another recent benchmark study, this time at NNLO, was presented in [21].

The PDF4LHC exercise allowed to elucidate differences and similarities between PDF
sets. In particular it showed that the most important source of difference between sets is
the choice of fitted data. This study was the basis of the PDF4LHC recommendation [22],
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Fig. 2. – Left plot: Comparison of the NLO Higgs production cross section with the combined
PDF+αs uncertainties from NNPDF2.0, MSTW08 and CTEQ6.6, and the resulting PDF4LHC
recipe [22] envelope, from ref. [1]. Right plot: comparison of the MSTW08 and the preliminary
NNPDF2.1 NNLO predictions for the NNLO Higgs production cross section. For the MSTW08
prediction two values of αs have been used.

that suggests to take the envelope of the combined PDF+αs uncertainties from the three
global PDF sets, CT10, MSTW08 and NNPDF2.1, to estimate the PDF+αs uncertainty
on LHC processes. The PDF4LHC has been adopted by ATLAS and CMS in those anal-
ysis sensitive to PDFs, and in particular the LHC Higgs cross section working group [1]
uses the PDF4LHC recipe to estimate the combined PDF+αs uncertainty in their theo-
retical predictions, see fig. 2. The same recipe has been used to derive the most updated
Tevatron Higgs exclusion limits [23].

Let us now turn to discuss some open problems in PDF fits: the treatment of αs,
Higgs production at hadron colliders and deviations from DGLAP in HERA data. The
treatment of the strong coupling in PDF fits is a source of differences between sets, as
summarized in table I. Some groups, like MSTW or ABKM, determine αs simultaneously
with the PDFs, while others, like CT or NNPDF, take for αs a fixed value close to the
PDG average [24], αs(MZ) = 0.1184 ± 0.0007 in the latest update. Differences between
PDF sets are reduced when a common value of αs is used, as shown also in the comparison
plots of fig. 1.

Let us emphasize that the choice of fixing αs to the PDG value in the reference PDF
set is not necessarily related to the sensitivity of a given PDF analysis to αs. Rather, it
reflects the idea than the average of αs from a wide range of processes, including some
like τ decays unrelated to the proton structure, is necessarily more accurate than the
determination from a single PDF fit. For example, NNPDF [25] has recently performed
a NLO determinations of the strong coupling, finding good consistency with the PDG
value: αs(MZ) = 0.1191 ± 0.0006, where the uncertainty is purely statistical.

The treatment of αs is closely related to one of the most important process at the
LHC, the Higgs production cross section in its dominant production channel of gluon
fusion. This process is very sensitive to αs [26], since the partonic cross section depends
as O(α2

s) already at leading order, and has received a lot of attention recently due to
claims that theoretical uncertainties were being underestimated. Preliminary NNLO
results from NNPDF, shown in fig. 2, suggest a reasonable agreement with the MSTW08
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Fig. 3. – The kinematic coverage in the (x, Q2) plane for W production at the LHC in the central
(ATLAS and CMS) and forward (LHCb) regions.

NNLO prediction, as was already the case at NLO, thus confirming the PDF4LHC recipe
estimates. It is also clear how the use of a common value of αs improves further the
agreement between the two sets.

Another open problem in PDF determinations are the potential departures from fixed-
order DGLAP evolution in small-x and Q2 HERA data. The analysis of refs. [27, 28]
found evidence for deviations from NLO DGLAP in the small-x combined HERA-I data,
consistent with small-x resummation and non-linear dynamics but not with NNLO cor-
rections. This effect has been confirmed by the HERAPDF analysis, which also finds
a worse fit quality at NNLO for the small-x data. A related CT10 [29] analysis found
some hints as well but it was restricted to the use of few functional forms for the small-x
PDFs. If deviations from DGLAP for low-x HERA data are confirmed, this suggests
that small-x resummation [30] is a necessary ingredient in order to use all the potential
of HERA data for precision LHC physics.

2. – Constraining PDFs with LHC W asymmetry data

We now turn to discuss the first constraints on PDFs from LHC data, provided by
the ATLAS [31] and CMS [32] measurements of the leptonic W asymmetry(1). As is well
known, W production at hadron colliders is sensitive to the light quark and antiquark
PDFs at medium and small-x. The kinematic coverage of W production at the LHC is
summarized in fig. 3. We have studied the impact of the W asymmetry data using the
Bayesian reweighting method of ref. [33]. Bayesian reweighting is a powerful technique
to efficiently determine the impact of new data into PDFs without the need of refitting.
This method also allows to determine the internal consistency of the data sets and their
compatibility with the global fit.

(1) There exist as well preliminary data from LHCb that will be sensitive to even smaller and
larger values of x, see fig. 3.
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Fig. 4. – The ATLAS and CMS W lepton asymmetry data compared to the NNPDF2.1 predic-
tions before and after reweighting.

A detailed discussion of the impact of LHC data on NNPDF will be presented else-
where. In this contribution we restrict ourselves to some selected preliminary results.
We will show results for the impact of the combined ATLAS and CMS data. In the
case of CMS we consider the more inclusive dataset (with the cut in lepton transverse
momentum of pl

t ≥ 25 GeV) and both electrons and muons. For ATLAS only the muon
asymmetry has been presented. The theoretical predictions have been computed with
the DYNNLO generator [34] at NLO accuracy for NNPDF2.1. The kinematic cuts are
the same as in the respective experimental analyses.

In fig. 4 we compare the ATLAS and CMS lepton asymmetry data with the NNPDF2.1
predictions before and after including the effect of these data sets. We notice that the
data is already nicely consistent with the NNPDF2.1 prediction within the respective
uncertainties. After including the LHC measurements, one finds that the W asymmetry
data constraints the PDF uncertainties and leads to an even better agreement with the
data. A more detailed statistical analysis confirms that the ATLAS and CMS data are
consistent between them and with the experiments included in the global PDF analysis.
After reweighting, the χ2 per data point of the combined CMS and ATLAS data is ∼ 1.

Next, in fig. 5 we show the constraints on the PDFs provided by the combined ATLAS
and CMS W asymmetry data. We find that the PDF uncertainties are reduced for

Fig. 5. – The impact of the ATLAS and CMS lepton asymmetry data on the relative uncertainty
of the light quark and antiquark NNPDF2.1 PDFs.
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medium- and small-x light quark and antiquarks, by a factor that can be as large as
∼ 30–40%. The impact on other PDFs is smaller. The central PDF prediction is almost
unaffected by the LHC data, confirming further the consistency of the W asymmetry
measurements with the global fit. At large-x the constrains are weaker, as expected from
the kinematic coverage shown in fig. 3. Upcoming measurements of this asymmetry by
LHCb might help in reducing PDF uncertainties in the large-x region.

Note that these preliminary results have been derived from a sample of only Nrep =
100 Monte Carlo replicas. This means that there can be non-negligible fluctuations and
explains why PDF uncertainties are apparently reduced even at very small x, outside the
kinematic coverage of the ATLAS and CMS data.

To summarize, we have shown that the W lepton asymmetry is the first dataset from
the LHC that has the precision to constrain PDFs and thus improve the accuracy of
Standard Model computations for LHC processes. We have quantified this impact on
the light quark and antiquark PDFs, and found that PDF uncertainties can be reduced
by factors up to ∼ 40% at medium and small x. More constrains on PDFs should soon
be available from upcoming LHC measurements.

3. – Outlook

In this contribution we have briefly reviewed recent developments and open problems
related to PDFs, with emphasis on their implications for the LHC physics program.
While our understanding of the proton structure has seen a huge progress in the recent
years, there are still open questions that need to be answered, and that are important to
improve even further the accuracy of theoretical predictions at the LHC. We have also
presented preliminary results on the impact of the LHC W lepton asymmetry data on
the NNPDF2.1 set. We have shown that these data provide the first constraints on PDFs
from LHC measurements, in particular they help to pin down with better accuracy the
medium- and small-x light quarks and antiquarks.

In the medium term, LHC measurements will provide very important constraints on
most PDF combinations. This will allow parton distributions to be derived solely from
collider data: HERA, Tevatron and the LHC. Collider data is more robust theoretically
and experimentally than low-energy fixed target data, that now provide basic constrains
in global PDF analysis. In order to achieve this program, several measurements will be
provided by the LHC: Z-boson rapidity distributions, low mass Drell-Yan differential
distributions, high-ET jets and photons, and W/Z production in association with heavy
quarks. The increased experimental and theoretical accuracy on PDFs determined this
way will provide a solid ground for precision Standard Model predictions and searches
for new physics at the LHC.
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Summary. — First results on jet, Jψ and Z production are presented from the
first lead-lead run at the LHC, using the ATLAS detector. The transverse energies
of opposed dijets are observed to show greater asymmetry with increasing event
centrality, something not observed in proton-proton collisions. This may point to
an interpretation in terms of strong jet energy loss in a hot, dense medium. Also,
using the ATLAS muon spectrometer, a centrality-dependent suppression has been
observed in the yield of J/ψ mesons. It is found to be qualitatively similar to the
trends observed at previous, lower-energy experiments. The relative yields of Z
bosons as a function of centrality are also presented, although the low statistics pre-
cludes any strong conclusions. These results provide a first look at the modification
of high-pT processes in heavy-ion collisions at the highest-available beam energy.

PACS 25.75.-q – Relativistic heavy-ion collisions.

1. – Heavy-ion physics with the ATLAS detector at the LHC

Collisions of heavy ions at ultra-relativistic energies are expected to produce an
evanescent hot, dense state, with temperatures exceeding several trillion kelvins, in which
the relevant degrees of freedom are not hadrons, but quarks and gluons. The ATLAS
detector [1], a schematic diagram of which is shown in fig. 1, is a powerful tool for study-
ing lead-lead collisions at the LHC energy of

√
sNN = 2.76 TeV in the nucleon-nucleon

center-of-mass frame. The Inner Detector measures charged-particle tracks for |η| < 2.5,
the longitudinally segmented calorimeter provides electromagnetic and hadronic energy
measurements for |η| < 4.9 and the Muon Spectrometer identifies and measures muons
for |η| < 2.7.

2. – Jet quenching

In the hot, dense medium, high-energy quarks and gluons are expected to transfer
energy to the medium by multiple interactions with the ambient plasma. There is a
rich theoretical literature on in-medium QCD energy loss extending back to Bjorken,
who proposed to look for “jet quenching” in proton-proton collisions [2]. This work also
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Fig. 1. – Schematic diagram of the ATLAS detector, showing the three main subsystems: the
Inner Detector (|η| < 2.5), the Calorimeter (|η| < 4.9) and the Muon Spectrometer (|η| < 2.7).

suggested the observation of highly unbalanced dijets when one jet is produced at the
periphery of the collision. For comprehensive reviews of recent theoretical work in this
area, see refs. [3, 4].

The first LHC result on jet quenching was published by ATLAS shortly after the
start of the 2010 heavy ion run [5]. To look for jet quenching, the jet energy imbalance
is expressed in terms of the asymmetry AJ ,

(1) AJ =
ET1 − ET2

ET1 + ET2

, ∆φ >
π

2
,

where the first jet is required to have a transverse energy ET1 > 100 GeV, and the second
jet is the highest-transverse-energy jet in the opposite hemisphere with ET2 > 25 GeV.
Focusing on the highest-transverse-energy pair of jets in events where those jets have an
azimuthal angle separation, ∆φ = |φ1 − φ2| > π/2 reduces contributions from multijet
final states. The average contribution of the underlying event energy is subtracted when
deriving the individual jet transverse energies. The event selection is chosen such that
the first jet has nearly 100% reconstruction efficiency and the second jet is typically
(but not always) above the distribution of background fluctuations and the intrinsic soft
jets associated with the collision. Dijet events are expected to have AJ peaked near
zero, albeit with large deviations arising from a variety of effects. Energy loss of one or
both jets in the medium would be expected to lead to much stronger deviations in the
reconstructed energy balance.

The primary event triggers were based on coincidence signals from two sets of Min-
imum Bias Trigger Scintillator (MBTS) detectors, positioned at z = ±3.56 m, covering
the full azimuth in the range 2.09 < |η| < 3.84, as well as the Zero-Degree Calorimeters
(ZDCs). These triggers have a large overlap and are close to fully efficient for the events
studied here. In the offline analysis, events are required to have a time difference between
the two sets of MBTS counters of ∆t < 3 ns and a reconstructed vertex to efficiently re-
ject beam-halo backgrounds. The primary vertex is derived from the reconstructed tracks
in the Inner Detector (ID), which covers |η| < 2.5 with silicon pixel and strip detectors
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Fig. 2. – Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and
no evident recoiling jet, and with high-energy calorimeter cell deposits distributed over a wide
azimuthal region. By selecting tracks with pT > 2.6 GeV and applying cell thresholds in the
calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the hadronic
calorimeter) the recoil can be seen dispersed widely over azimuth.

surrounded by straw tubes. These event selection criteria have been estimated to accept
about 98% of the total lead-lead inelastic cross section.

Event centrality is characterized using the total transverse energy (ΣET ) deposited in
the Forward Calorimeters (FCal) covering 3.2 < |η| < 4.9. Bins are defined in centrality
according to fractions of the total lead-lead cross section selected by the trigger and are
expressed in terms of percentiles (0–10%, 10–20%, 20–40% and 40–100%) with the 0–10%
bin containing the most central events. Previous heavy ion experiments have shown a
clear correlation of the ΣET with the geometry of the overlap region of the colliding nuclei
and, correspondingly, the total event multiplicity. This is verified by the observation of
a tight correlation between the transverse energy emitted near mid-rapidity and that
measured at forward angles. Ultimately, the forward ΣET is used for this analysis to
avoid any bias on the centrality measurement due to the presence of jets.

Jets have been reconstructed using the infrared-safe anti-kt jet clustering algorithm [6]
with the radius parameter R = 0.4. The inputs to this algorithm are towers of calorime-
ter cells of size ∆η × ∆φ = 0.1 × 0.1 with the input cells weighted using energy-
density–dependent factors (the so-called “H1 weights”) to correct for calorimeter non-
compensation and other energy losses. Jet four-momenta are constructed by the vectorial
addition of cells, treating each cell as an (E, �p ) four-vector with zero mass.

After event selection, the requirement of a leading jet with ET > 100 GeV and |η| <
2.8 yields a sample of 1693 events. A striking feature of this sample is the appearance
of events with only one high-ET jet clearly visible in the calorimeter, and no high-ET

jet opposite to it in azimuth. Such an event is shown in fig. 2. The calorimeter ET and
the sum of charged particle pT are shown in regions of ∆η × ∆φ = 0.1 × 0.1. Inspection
of this event shows a highly-asymmetric pair of jets with the particle and energy flow
recoiling against the leading jet being widely distributed in azimuth. The lead-lead data
are also compared with a sample of 17 nb−1 of proton-proton collision data [7], which
yields 6732 events.

To quantify the transverse energy balance between jets, we calculate the dijet asym-
metry, AJ between the highest ET (leading) jet and the highest ET jet in the opposite
hemisphere (second jet). This is done for each centrality bin. The second jet is required
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Fig. 3. – Top: Dijet asymmetry distributions for data (points) and unquenched HIJING with
superimposed PYTHIA dijets (solid yellow histograms), as a function of collision centrality (left
to right from peripheral to central events). Proton-proton data from

√
s = 7 TeV, analyzed with

the same jet selection, is shown as open circles. Bottom: Distribution of ∆φ, the azimuthal angle
between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

to have ET > 25 GeV in order to discriminate against background from the underlying
event. It is found that around 5% of the jet selected events in the 40% most-central
collisions have no second jet satisfying these cuts, while the more peripheral samples
generally always have a dijet pair.

The dijet asymmetry and ∆φ distributions are shown in four centrality bins in fig. 3,
where they are compared with proton-proton data and with fully reconstructed simu-
lated HIJING [8] events embedded with PYTHIA [9] dijets (the latter to illustrate the
magnitude of instrumental effects). The dijet asymmetry in peripheral lead-lead events is
similar to that in both proton-proton and simulated events. As the events become more
central, the lead-lead data distributions show an increased rate of highly asymmetric
dijet events. The asymmetry distribution broadens; the mean shifts to higher values; the
peak at zero asymmetry is no longer visible; and for the most central events a small (and
not very significant) peak can be seen at higher asymmetry values. It is notable that the
∆φ distributions show that the leading and second jets are primarily back-to-back in all
centrality bins, although a noticeable tail develops for the most central events at large
angles relative to the recoil direction.

Numerous studies have been performed to verify that the events with large asymmetry
are not produced by backgrounds or detector effects. Detector effects primarily include
readout errors and local acceptance loss due to dead channels and detector cracks. All
of the jet events in this sample were checked, and no events were flagged as problematic.
Furthermore, the highly-asymmetric dijets were not found to populate any specific region
of the calorimeter, indicating that no substantial fraction of produced energy was lost in
an inefficient or uncovered region. Asymmetric jet events were found to be uncorrelated
with the presence of high energy muons or missing energy (e.g., from W decays). Ulti-
mately, the asymmetry appears to be a robust result, confirmed recently by other LHC
experiments (e.g., ref. [10]), and turns out to be the first indication that jet quenching
can be observed at the jet level, rather than just the hadron level.
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3. – J/Ψ suppression and Z observation

The measurement of quarkonia production in ultra-relativistic heavy-ion collisions
provides a potentially powerful tool for studying the properties of hot and dense matter
created in these collisions. If deconfined matter is formed, then color screening is expected
to prevent the formation of quarkonium states when the screening length becomes shorter
than the quarkonium size [11]. As this length is directly related to the temperature, a
measurement of a suppressed quarkonium yield may provide direct experimental sensitiv-
ity to the temperature of the medium created in high energy nuclear collisions [12]. The
interpretation of J/ψ suppression in terms of color screening is generally complicated by
the quantitative agreement between the overall levels of J/ψ suppression measured by
the NA50 experiment at the CERN SPS [13] (

√
sNN = 17.3 GeV) and the PHENIX ex-

periment at RHIC [14] (
√

sNN = 200 GeV). Data from proton-nucleus and deuteron-gold
collisions also show decreased rates of J/ψ production [15], indicating that mechanisms
unrelated to color screening may also be relevant. Finally, there exist proposals for J/ψ
enhancement at high energies from charm quark recombination [16]. Measurements at
higher energies, with concomitantly higher temperatures and heavy quark production
rates, are clearly needed to address these debates with new experimental input. The
production of Z bosons, only available in heavy-ion collisions at LHC energies, can serve
as a reference process for J/ψ production, since Z’s are not expected to be affected by
the hot, dense medium, although modifications to the nuclear parton distribution func-
tions must be considered [17]. The first measurement of both J/ψ and Z bosons were
published by ATLAS in ref. [18].

In ATLAS, muons are measured by combining independent measurements of the muon
trajectories from the Inner Detector (ID) and the Muon Spectrometer (MS). The Inner
Detector volume is immersed in a 2 T field and measures the trajectories of charged
particles in the pseudorapidity region |η| < 2.5. A charged particle typically traverses
three layers of silicon pixel detectors, eight silicon strip sensors (SCT detector) arranged
in four layers of double-sided modules, and a transition radiation tracker composed of
straw tubes (the latter being excluded from the present analysis). The MS surrounds the
calorimeters and provides tracking for muons with |η| < 2.7 and triggering in the range
|η| < 2.4. Muon momentum determination is based on three stations of precision drift
chambers that measure the trajectory of each muon in a toroidal magnetic field produced
by three air-core toroids. In order to reach the MS, muons have to cross the electromag-
netic and hadronic calorimeters, losing typically 3 to 5 GeV of energy, depending on the
muon pseudorapidity. The calorimeters efficiently absorb the copious charged and neutral
hadrons produced in lead-lead collisions, keeping the muon spectrometer occupancy low.

The same conventions for collision centrality are used as described previously. The
centrality dependence of the muon detection efficiency is parameterized as a function
of the total number of hits per unit of pseudorapidity detected in the first pixel layer.
This is strongly correlated with ΣEFCal

T , but gives a more direct measure of the ID
occupancy. The full data sample is divided into four bins of collision centrality, 40–80%,
20–40%, 10–20%, and 0–10%. The most peripheral 20% of collisions are excluded from
this analysis due to larger systematic uncertainties in estimating the number of binary
nucleon-nucleon collisions in these events, which are derived using a Monte Carlo Glauber
calculation [19,20].

The J/ψ → μ+μ− reconstruction efficiency is obtained from the MC samples as a
function of centrality. The inefficiency gradually increases from peripheral to central
collisions, due primarily to an occupancy-induced inefficiency in the ID tracking.



192 P. STEINBERG for the ATLAS COLLABORATION

Fig. 4. – Oppositely charged dimuon invariant-mass spectra in the four considered centrality
bins from most peripheral (40–80%) to most central (0–10%). The J/ψ yields in each centrality
bin are obtained using a sideband technique. The fits shown here are used only as a cross-check.

The oppositely charged dimuon invariant mass spectra in the J/ψ region after the
selection are shown in fig. 4. The number of J/ψ → μ+μ− decays is then found by a side-
band technique, with the signal mass window from 2.95–3.25 GeV. and the background
sidebands defined in 2.4–2.8 GeV and 3.4–3.8 GeV. To determine the uncertainties re-
lated to the signal extraction, an alternative method based on a maximum-likelihood
fit with the mass resolution left as a free parameter is used as a cross check. With the
chosen transverse momentum cuts on the decay muons, 80% of the reconstructed J/ψ
have pT > 6.5 GeV.

The measured J/ψ yields at different centralities are corrected by the reconstruction
efficiency ǫc for J/ψ → μ+μ−, derived from MC and parameterized in each centrality
bin, and the width of the centrality bin, Wc, which represents a well-defined fraction of
the minimum bias events. The corrected yield of J/ψ mesons is given by

(2) N corr
c (J/ψ → μ+μ−) =

Nmeas(J/ψ → μ+μ−)c

ǫ(J/ψ)c · Wc

.

The “relative yield” is defined by normalizing to the yield found in the most peripheral
40–80% centrality bin: Rc = N corr

c /N corr
40−80%

. Note that the uncertainties in the 40–80%
bin are not propagated into this ratio for the more central bins. Finally, the “normalized
yield” is defined by scaling the relative yield by the ratio Rcoll which is the mean number
of binary collisions Ncoll,c in each centrality bin divided by that for the most peripheral
(40–80%) bin: Rcp = Rc/Rcoll. The total systematic uncertainties on the ratios Rcoll are
evaluated by combining the variations of the various parameters going into the Glauber
calculation (radius, skin depth, nucleon-nucleon cross section, and the fraction of the
minimum-bias cross section sampled by the trigger and event selection) in quadrature.

The relative J/ψ yields after normalization and efficiency corrections as in equa-
tion (2), Rc, are compared to the expected Rcoll values in the left panel of fig. 5. The yield
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Fig. 5. – Left: Relative J/ψ yield as a function of centrality normalized to the most peripheral
bin (black dots with errors). The expected relative yields from the (normalized) number of
binary collisions (Rcoll) are also shown (boxes, reflecting 1σ systematic uncertainties). Right:
Value of Rcp, as described in the text, as a function of centrality. The statistical errors are
shown as vertical bars while the grey boxes also include the combined systematic errors. The
uncertainties for the most peripheral bin are not propagated into the more central ones.

errors are computed by adding the statistical and systematic uncertainties in quadrature.
A clear difference is observed as a function of centrality between the measured relative
J/ψ yield and the prediction based on Rcoll, indicating a deviation from the simplest
expectation based on QCD factorization. The ratio of these two values, Rcp, is shown
as a function of centrality in the right panel of fig. 5. The data points are not consistent
with a fit to a constant value giving a P (χ2, NDOF) value of 0.11% with three degrees of
freedom. Instead, a significant decrease of Rcp as a function of centrality is observed.

Z candidates are selected by requiring a pair of oppositely charged muons with pT >
20 GeV and |η| < 2.5 [21]. We apply an additional cosmic ray rejection cut on the sum of
the pseudorapidities of the two muons, |η1+η2| > 0.01. The invariant mass distribution of
the selected pairs is shown in the left panel of fig. 6. With this selection, 38 Z candidates

Fig. 6. – The dimuon invariant mass (left) after the selection described in the text. The value
of Rcp (right) computed with the 38 selected Z candidates. The statistical errors are shown as
vertical bars while the grey boxes also include the combined systematic errors. The darker box
indicates that the 40–80% bin is used to set the scale for all bins, but the uncertainties in this
bin are not propagated into the more central ones.
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are retained in the signal mass window of 66 to 116 GeV. The background after this
selection is expected to be below 2%, and is not corrected for in the result.

The Rcp variable for the Z candidates is computed in the same way as for the J/ψ
sample. The same systematic uncertainties as for the J/ψ results have been applied to
the Z relative yield measurements. Several cross-checks have been performed to support
this approach. In addition to the tracks reconstructed with the combined ID and MS
information, tracks reconstructed by the MS alone have been checked, and only one
additional candidate was found. In the Z mass window, no candidate was found using
same-charge muon pairs. Cosmic rays were rejected by studies of the transverse impact
parameter distributions.

The measured Z yields are displayed in the right panel of fig. 6, normalized to the
yield in the most peripheral bin and to the number of binary collisions (Rcp). The Z
yields appear to be compatible with a linear scaling with the number of binary collisions,
altohugh the low statistics preclude drawing any strong conclusions.

4. – Conclusions and outlook

The first results from the ATLAS detector using data from the LHC heavy-ion run
are presented. The first published observations of strong dijet asymmetry clearly confirm
previous reports of jet quenching in heavy ion collisions using high-momentum hadrons,
but show that the suppression can be seen at the jet level. A systematic suppression
of high-momentum J/ψ mesons near mid-rapidity is also observed, with a centrality
dependence similar to that seen for inclusive J/ψ at lower energies. The first observation
of Z bosons show no strong deviations from the expected scaling with the number of
binary collisions, but the low statistics preclude strong conclusions.
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Summary. — The ALICE detector recorded Pb-Pb collisions at
√

sNN = 2.76 TeV
at the LHC in November-December 2010. We present the results of the measure-
ments that provide a first characterization of the hot and dense state of strongly
interacting matter produced in heavy-ion collisions at these energies. In particular,
we describe the measurements of the particle multiplicity, collective flow, Bose-
Einstein correlations, high-momentum suppression, and their dependence on the
collision centrality. These observables are related to the energy density, the size,
the viscosity, and the opacity of the system. Finally, we give an outlook on the
upcoming results, with emphasis on heavy flavour production.

PACS 24.85.+p – Quarks, gluons, and QCD in nuclear reactions.
PACS 25.75.-q – Relativistic heavy-ion collisions.
PACS 25.75.Ag – Global features in relativistic heavy ion collisions.

1. – Introduction

The ALICE experiment [1] studies nucleus-nucleus and proton-proton collisions at

the Large Hadron Collider, with the main goal of investigating the properties of the

high-density state of QCD matter that is expected to be formed in Pb-Pb collisions [2,3].

According to lattice QCD calculations, under the conditions of high-energy density and

temperature reached in these collisions, the phase transition to a Quark-Gluon Plasma

(QGP) would occur, colour confinement of quarks and gluons into hadrons would be

removed and chiral symmetry would be restored (see, e.g. [4]).

The ALICE detector was designed in order to provide tracking and particle identi-

fication over a large range of momenta (from tens of MeV/c to over 100 GeV/c), low

material budget and excellent vertexing capabilities. These features have been tailored

to reach a detailed characterization of the state of matter produced in Pb-Pb collisions,

with particular attention to global event properties and hard probes.

(∗) E-mail: andrea.dainese@pd.infn.it
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Fig. 1. – Left: tracks reconstructed in the ALICE Time Projection Chamber and Inner Tracking
System in one of the first Pb-Pb collisions recorded by the detector. Right: distribution of the
summed amplitudes in the VZERO scintillator tiles (histogram); inset shows the low amplitude
part of the distribution; the curve shows the result of the Glauber model fit to the measurement.
The vertical lines separate the centrality classes used in the analysis [6].

The experiment has collected the first Pb-Pb data in November-December 2010 at a

centre-of-mass energy
√

sNN = 2.76 TeV per nucleon-nucleon collision (see fig. 1, left).

With a fourteen-fold increase with respect to nucleus-nucleus collisions at the RHIC

collider (Au-Au at
√

sNN = 200 GeV), this constitutes the largest energy increase in the

history of heavy-ion physics and, as such, it opens new exciting scenarios for the study

of high-density QCD matter. During the Pb-Pb run and shortly after it, the first results

on the characterization of this state of matter were obtained [5-9]. These results are

summarized in the present report.

In sect. 2, the ALICE experimental setup is briefly described, with emphasis on the

detectors that were used for the results presented here, along with the data collection

and collision centrality determination. The most fundamental measurement that char-

acterizes the inclusive particle production is reported in sect. 3: the charged particle

multiplicity density [5] and its dependence on the collision centrality [6]. This measure-

ments provides information on the energy density of the system and, via comparison

with models, on the gluon dynamics in the high-energy colliding nuclei. In sect. 4 the

elliptic flow measurement is described, compared to lower-energy data, and related to the

hydro-dynamical properties of the produced system [7]. In sect. 5 the measurement of

the Bose-Einstein two-pion correlation, that allows to characterize the spatial extension

of the particle emitting source, is described [8]. The study of the suppression of the

charged particle production at large momentum, via the so-called nuclear modification

factor, is presented in sect. 6. Finally, in sect. 7, an outlook is given on the ongoing

analyses, which will provide further insight on the QCD medium properties.

2. – ALICE detector, Pb-Pb data sample, and collision-centrality

determination

The ALICE apparatus is described in [1]. It consists of two main parts: a central

detector, placed inside a solenoidal magnet providing a field of up to 0.5 T, where charged

and neutral particles are reconstructed and identified in the pseudorapidity range |η| <
0.9, and a forward muon spectrometer covering the range −4 < η < −2.5. The apparatus

is completed by a set of smaller detectors in the forward areas, for triggering, charged

particle and photon counting, and event classification.
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The main results presented in this report were obtained using the following ALICE de-

tectors: the VZERO scintillators, the Inner Tracking System (ITS), the Time Projection

Chamber (TPC).

The two forward scintillator hodoscopes (VZERO) are segmented into 32 scintillator

counters each, arranged in four rings around the beam pipe. They cover the pseudora-

pidity ranges 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively. The ITS is composed

of high-resolution silicon tracking detectors, arranged in six cylindrical layers at radial

distances to the beam line from 3.9 to 43 cm. Three different technologies are employed:

Silicon Pixel Detectors (SPD) for the two innermost layers, Silicon Drift Detector (SDD)

for the two intermediate layers, and Silicon Strip Detector (SSD) for the two outermost

layers. The TPC is a large cylindrical drift detector with cathode pad readout multi-

wire proportional chambers at the two edges. The active volume is 85 < r < 247 cm and

−250 < z < 250 cm in the radial and longitudinal directions, respectively.

All data presented in this report were collected with a magnetic field of 0.5 T and a

minimum-bias trigger requiring at least two out these three conditions: a hit in the SPD,

a hit in the forward rapidity VZERO counters, or a hit in the backward rapidity VZERO

counters. This request selects about 98% of the Pb-Pb inelastic cross section. The

instantaneous luminosity was typically of the order of 1025 cm−2 s−1 during the Pb-Pb

run and a total statistics of about 30 million minimum-bias triggers was recorded, in

addition to high-multiplicity and ultra-peripheral collision triggers.

Nucleus-nucleus collisions are classified according to their centrality, which measures

the number of nucleons that undergo inelastic scattering (number of participants, Npart),

and is related to the initial extension of the system produced in the collision. Several

experimental observables, mainly measures of the number of particles produced in the

collisions, can be used to categorize the events in centrality classes. Figure 1 (right)

shows the distribution of the observable that was used for the first analyses of Pb-Pb

data collected in 2010 [6]: the sum of amplitudes in the VZERO scintillator detector,

the response of which is proportional to the event multiplicity. The distribution is fit

using the Glauber model [10] to describe the collision geometry and a Negative Binomial

Distribution (NBD) to describe particle production [11]. In addition to the two parame-

ters of the NBD, there is one free parameter that controls the power law dependence of

particle production on the number of participating nucleons (Npart). The fit is restricted

to amplitudes above a value corresponding to 88% of the hadronic cross section. In this

region the trigger and event selection are fully efficient, and the contamination by elec-

tromagnetic processes is negligible. Centrality classes are determined by integrating the

measured distribution above the cut, as shown in fig. 1 (right).

3. – Charged-particle multiplicity and its collision-centrality dependence:

a high-density system from gluon-saturated colliding nuclei

The multiplicity of charged particles per unit of pseudo-rapidity (η) at central rapidity

is measured using the Silicon Pixel Detector, the innermost sub-detector of the Inner

Tracking System, made of two layers with radii of 3.9 and 7.6 cm, and with acceptances

|η| < 2.0 and |η| < 1.4, respectively. Tracklet candidates are formed using information

on the position of the primary vertex, reconstructed with the same detector, and of hits

on the two layers. In particular, a tracklet is defined by a pair of hits, one on each

layer, selected on the basis of their polar and azimuthal angles, so that the resulting

tracklet points to the primary vertex. The cut imposed on the azimuthal angle efficiently

selects charged particles with transverse momentum (pt) above 50 MeV/c. Particles
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Fig. 2. – Charged-particle multiplicity. Left: dNch/dη per participant pair for central nucleus-
nucleus and non-single diffractive pp (pp) collisions, as a function of

√
sNN ([5] and references

therein). Right: the same observable as a function of collision centrality for nucleus-nucleus
collisions at

√
sNN = 2.76 [6] and 0.2 TeV [12] (scaled up by a factor 2.1).

below 50 MeV/c are mostly absorbed by material. The charged-particle pseudo-rapidity

density dNch/dη is obtained from the number of tracklets within |η| < 0.5, corrected

for acceptance, efficiency and background contamination. The background is estimated

from the data and from simulations with three different methods [5].

In the 5% most central Pb-Pb collisions, we measured a density of primary charged

particles at mid-rapidity dNch/dη = 1584±4(stat.)±76(sys.) [5]. Normalizing per partic-

ipant pair (using Npart from the Glauber model fit), we obtained dNch/dη/(0.5〈Npart〉) =

8.3±0.4(sys.) with negligible statistical error. In fig. 2 (left), this value is compared to the

measurements for Au-Au and Pb-Pb, and non-single diffractive (NSD) pp and pp colli-

sions over a wide range of collision energies. It is interesting to note that the energy depen-

dence is steeper for heavy-ion collisions than for pp collisions. A significant increase, by a

factor 2.1, in the pseudo-rapidity density is observed at
√

sNN = 2.76 TeV for Pb-Pb com-

pared to
√

sNN = 200 GeV for Au-Au. Bjorken’s estimation of the initial energy density

in the system formed in the collisions reads: ǫ = Energy/Volume = dN/dy · 〈mt〉/(τ0A),

where dN/dy and 〈mt〉 are the rapidity density and the average transverse mass of the

produced particles, τ0 is the formation time of the system, and A is the mass number

of the colliding nuclei, which estimates the transverse area of the nuclear overlap for

central collisions. This relation and our measurement suggest that the energy density

of the system produced at LHC energies is at least a factor of 3 larger than at RHIC

energies, considering the 2.1-fold larger multiplicity and the fact that the formation time

τ0 is expected to be shorter by a factor of about two with respect to RHIC energies. Fig-

ure 2 (right) shows the centrality dependence of the charged multiplicity per participant

pair [6], compared to the corresponding RHIC measurement [12], scaled by a factor 2.1.

The trend is very similar at the two energies and the mild increase in semi-central to

central collisions is found to be better described by models that include a mechanism to

tame the increase with centrality in the number of scattering centres. This suggests a

certain degree of saturation in the phase-space of small x (fractional momentum) gluons

in the initial state of the collision.

4. – Elliptic flow: the perfect liquid at the LHC

One of the experimental observables that is sensitive to the properties of high-density

QCD matter is the azimuthal distribution of particles in the plane perpendicular to the
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beam direction. In non-central collisions, the geometrical overlap region and therefore the

initial matter distribution is anisotropic (almond shaped). If the matter is interacting,

this spatial asymmetry is converted via multiple collisions into an anisotropic momentum

distribution. This anisotropy is quantified via the elliptic flow coefficient, v2, defined as

the second moment of the final state hadron azimuthal distribution, dN/dφ, with respect

to the reaction plane, which contains the centres of the colliding nuclei and the beam line.

The elliptic flow is a response of the dense system to the initial conditions and therefore

it is sensitive to the early and hot, strongly interacting phase of the evolution. The large

elliptic flow measured for Au-Au collisions at RHIC is well reproduced by models based

on relativistic hydrodynamics with a QGP equation of state and small, but non-zero,

viscosity.

The first results on the elliptic flow in Pb-Pb collisions at the LHC were obtained

using charged particle tracks reconstructed in the TPC and in the ITS. The tracks were

required to have at least 70 reconstructed space points out of the maximum 159 in the

TPC and a χ2 per TPC cluster ≤ 4 (with two degrees of freedom per cluster). Addi-

tionally, at least two of the six ITS layers must have a hit associated with the track,

including at least one of the two pixel layers. A selection based on the distance of closest

approach to the primary vertex was used to reject a large fraction of the tracks pro-

duced by secondary particles, from decays and interactions in the detector material. The

pt-differential flow was measured for different event centralities using various analysis

techniques [7], based on multi-particle cumulants (v2{2} and v2{4}). Figure 3 (left)

presents v2(pt) obtained with the 4-particle cumulant method for three different centrali-

ties, compared to STAR measurements at RHIC. The transverse momentum dependence

is qualitatively similar for all three centrality classes. The observed similarity at RHIC

and the LHC of the pt-differential elliptic flow at low pt is consistent with predictions of

hydrodynamic models. The integrated elliptic flow measured in the 20–30% centrality

class is compared to results from lower energies in fig. 3 (right). The figure shows that

there is a continuous increase in the magnitude of the elliptic flow for this centrality

region from RHIC to LHC energies. We find that the integrated elliptic flow increases

by about 30% from
√

sNN = 200 GeV at RHIC to 2.76 TeV. This increase is higher than

current predictions from ideal hydrodynamic models. The hydrodynamic models which

incorporate viscous corrections and certain hybrid models do allow for such an increase.
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In these models the increase is due to the reduced importance of viscous corrections at

LHC energies. This is a first indication that the high-density QCD matter produced in

Pb-Pb collisions at the LHC resembles closely a perfect liquid, with viscosity close to

zero.

5. – Femptoscopic study: a larger and longer-lived particle-emitting source

The Bose-Einstein enhancement of identical-pion pairs at low relative momentum

allows to assess the spatial scale of the emitting source in e+e−, hadron-hadron, lepton-

hadron, and heavy-ion collisions. Especially in the latter case, this technique, known as

Hanbury Brown-Twiss (HBT) interferometry and being a special case of femptoscopy,

has been developed into a precision tool to probe the dynamically generated geometry

of the emitting system. See [8] for more details and references.

The first measurement of the HBT radii for Pb-Pb collisions at the LHC [8] was

carried out using pion tracks, reconstructed in the TPC and ITS (similar selection cuts

as for the flow analysis) and identified using the TPC specific energy deposit dE/dx. The

details on the construction of the two-pion correlation functions and their analysis are

described in [8]. Figure 4 (left) shows the dependence on charged particle multiplicity of

the product of the three HBT radii (Rout ·Rlong ·Rside), extracted as the Gaussian widths

of the correlation function in three perpendicular directions. This product is connected

to the volume of the homogeneity region. In central Pb-Pb collisions at
√

sNN = 2.76 TeV

we measured a product of about 300 fm3, about two times larger than at RHIC energy.

Within hydrodynamic scenarios, the decoupling time for hadrons at mid-rapidity can

be estimated as follows: the size of the homogeneity region is inversely proportional to

the velocity gradient of the expanding system; the longitudinal velocity gradient in a

high-energy nuclear collision decreases with time as 1/τ ; therefore, the magnitude of

Rlong (longitudinal HBT radius) is proportional to the total duration of the longitudinal

expansion, i.e. to the decoupling time of the system. The decoupling times extracted

from this fit to the ALICE radii and to the values published at lower energies are shown

in fig. 4 (right). As can be seen, τf scales with the cube root of the charged-particle

multiplicity and reaches 10–11 fm/c in central Pb-Pb collisions at the LHC.
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See [9] and references therein.

6. – Suppression of high-pt charged-particle production: an intriguing pattern

One of the most awaited for measurements in heavy-ion collisions at the LHC is

certainly the nuclear modification factor of charged hadrons, which ten years ago at RHIC

yielded the first indication of the jet quenching phenomenon, now commonly attributed to

parton energy loss in hot and dense QCD matter. This observable is defined as RAA(pt) =

(dNAA/dpt)/(1/〈Ncoll〉dNpp/dpt), that is, the ratio of the pt spectrum measured in

nucleus-nucleus to that expected on the basis of the proton-proton spectrum scaled by

the number Ncoll of binary nucleon-nucleon collisions in the nucleus-nucleus collision (as

calculated in the Glauber model). At RHIC energies, the RAA factor was measured to

be of about 0.2 and roughly independent of pt in the range 5–15 GeV/c, i.e. a factor of

five suppression in high-pt particle production with respect to pp collisions.

The charged particles RAA was measured by ALICE out to pt = 20 GeV/c after a

few days of the end of the Pb-Pb run [9]. Charged particle tracks were reconstructed

using information from the TPC and ITS detector systems in the region |η| < 0.8. The

primary track selection described in sect. 4 was applied. When RAA was first evaluated,

no measured pp reference at
√

s = 2.76 TeV existed(1). As explained in [9], a reference

was constructed by interpolating the ALICE measurements at
√

s = 0.9 and 7 TeV.

Figure 5 shows the nuclear modification factor RAA of charged hadrons for central Pb-Pb

collisions, compared to the same measurement by the PHENIX and STAR experiments

at RHIC. In central collisions at the LHC, RAA exhibits a very strong suppression,

reaching a minimum of ≈ 0.14 at pt = 6–7 GeV/c. Despite the much flatter pt spectrum

(1) The LHC was run with pp collisions at this energy later, in March 2011.
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in pp at the LHC, the nuclear modification factor at pt = 6–7 GeV/c is smaller than at

RHIC. This suggests an enhanced energy loss at LHC and therefore a denser medium.

A significant rise by about a factor of two is observed for 7 < pt < 20 GeV/c. This

pattern is very intriguing, because it suggests that very high momentum partons may

lose only a small fraction of their energy in the medium and, thus, be sensitive probes of

its properties.

7. – Ongoing analyses

Several measurements of strange and heavy-flavour particle production have been

carried out, as well as studies of jet production and jet-like particle correlations [13].

As examples of the ALICE detector performance in Pb-Pb collisions, we report in fig. 6

the invariant mass distributions showing the signal of D0 → K−π+ decays selected using

displaced decay vertices at central rapidity and J/ψ → μ+μ− decays in the forward muon

spectrometer.

8. – Conclusions

We have presented the first ALICE physics results from Pb-Pb collisions at the LHC.

– The highest ever reached charged-particle multiplicity was measured, suggesting

that a system with an energy density at least three times higher than at RHIC

energies is produced.

– The volume of the particle emitting source is found to be twice larger than at RHIC

energies.

– The collision-centrality dependence of the particle multiplicity tends to flatten to-

wards most central collisions, suggesting that some kind of saturation mechanism

is at play for the initial-state gluon fields in the colliding nuclei.

– The produced hadrons exhibit a strong collective flow, in agreement with the hy-

drodynamic models in which the system expands similarly to a liquid with very

small viscosity.
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– High-momentum particle production shows a suppression by a factor of 5–7, close

to that observed at lower energy in the same momentum range, suggesting that the

medium opaqueness to hard partons is higher at the LHC.

The study of these observables for many species of identified particles (baryons, strange,

heavy-flavour particles, charmonia) is well advanced and opens the path for a detailed

characterization of the Quark-Gluon Plasma state produced in the highest-energy nuclear

collisions at the LHC.
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Summary. — We present recent results on bottomonium spectroscopy, rare neutral
D mesons decays, and semi-leptonic Bs mesons decays. They are based on datasets
collected at the Υ(2S), Υ(3S), and Υ(4S) resonances and slightly below and above
(up to twice the Λb mass) by the BABAR detector at the PEP-II storage rings at
SLAC from year 2000 to 2008. All the results presented here are preliminary. A
search of ηb(1S) and ηb(2S) quarkonia is performed in radiative transitions using
an experimental technique employing converted γ rays in the Υ(2S) and Υ(3S)
decays. The hb(1P ) state is searched in the Υ(3S) → hb(1P )π0/π+π− decays, and
an evidence of signal is seen in the channel with a neutral pion. A search of the
rare FCNC D0 → γγ decay is presented and the channel D0 → π0π0 is accurately
measured. Finally, we present a study of the semi-leptonic branching ratio of the Bs

mesons and of the fs fraction, the production of Bs mesons. It is based on the very
last BABAR dataset collected in 2008 and corresponding to an energy scan above the
Υ(4S) resonances performed at PEP-II.

PACS 14.40.Pq – Heavy quarkonia.
PACS 14.40.Lb – Charmed mesons.
PACS 13.20.He – Decays of bottom mesons.

1. – Bottomonium spectoscopy

1
.
1. Introduction. – The bottomonium spectroscopy bellow the BB̄ mass threshold

is somewhat richer than in the case of charmonium state [1, 2], bellow the DD̄ mass
threshold. The measurement of the bottomonium mass states and of the branching
ratios (B) are important tests of the heavy qq̄ potential models and set constrains on
lattice QCD, as well as on theories such as pNRQCD. Hadronic transitions probe non-
perturbative QCD. While bottomonium states with quantum numbers L = 0, 1 and
S = 1 have been observed and abundantly studied since 1977, not all the predicted
states are yet observed. In particular no spin singlet have been observed until 2008 [3].
The first D-wave state Υ(1DJ=2) has only been observed in 2004 by CLEO, in the
transition γγΥ(1S) and latter on in 2010 by BABAR, in the channel π+π−Υ(1S) [4].

At the end of its operation in 2008, the BABAR experiment collected large datasets
of approximately 120M Υ(3S) and 100M Υ(2S) events, creating renewed possibilities
for probes on bottomonium system. We present herein a study of the Υ(2S) and

c© Società Italiana di Fisica 209
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Fig. 1. – Fit to the E∗

γ spectrum in the Υ(3S) and Υ(2S) data. Υ(3S) top left: [180, 300]MeV,
top right: [300, 600]MeV, and [600, 1100]MeV. Υ(2S) bottom right: [300, 800]MeV.

Υ(3S) inclusive converted photon spectrum, and the search for the hb(1P ) state in both
Υ(3S) → π0hb(1P )[ηb(1S)γ)] and π+π−hb(1P ).

1
.
2. Radiative transitions using converted γ rays. – Following the success encountered

in the observation the ηb(1S) state in radiative decays of the Υ(3S) and Υ(2S) events [3],
the BABAR Collaboration has recently developed a technique to study inclusive converted
photon spectrum of these events. The details of the analysis can be foun in ref. [5] (see
also references therein for previous and alternate measurements). The monochromatic γ
radiated in the bottomonium transitions are reconstructed through the converted e+e−

pair produced in the material of Silicon Vertex Tracker (SVT) [6] and which charged track
trajectories are bent in the magnetic field of the axial 1.5 T solenoid. This techniques
improves substantially the mass spectrum resolution (E∗

γ) with respect to the photons
reconstructed in the Electro-Magnetic Calorimeter (EMC) (typically from 25 down to
5 MeV/c2). This accurate measurement helps to resolve overlapping resonances γ rays.
The price to pay is a relatively lower efficiency (∼ 1/20) as the material budget BABAR

tracking system is quite limited [6].

The various monochromatic γ rays are studied with χ2 fits to the recoil E∗

γ spectrum
in the Υ(3S) and Υ(2S) events after subtraction on the combinatoric background. The γ
spectra presented on fig. 1 display the rich phenomenology accessible. In these spectra we
study the decays: Υ(3S)/Υ(2S) → γηb(1S) and possibly Υ(3S) → γηb(2S). It offers an
alternate search of the states ηb(1S, 2S) and possibly a more accurate mass measurement.
In addition to combinatoric background coming e+e−(

√

s = mΥ(nS)) → γISRΥ(1S)
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transitions can more easily be unfolded and also one can study accurately the decays:
χbJ (1P, 2P ) → γΥ(1S), χbJ (2P ) → γΥ(2S), and Υ(3S) → γχbJ (1P ). The recoil E∗

γ

spectra are divided in 4 energy ranges; for Υ(3S) “low”: [180, 300] MeV, “medium”:
[300, 600] MeV, and “high”: [600, 1100] MeV and for Υ(2S): [300, 800] MeV.

In the “low” Υ(3S) region we observe the transitions χb1,2(2P ) → γΥ(2S) with more
than 12 and 8 statistical standard deviations, while the χb0(2P ) → γΥ(2S) is not seen.
It is consistent with previous works by CLEO and CUSB (1992) (see refs. in [5]) and
our measurements are more precise.

In the “medium” Υ(3S) region we observe the transitions Υ(3S) → γχb0,2(1P ) with
more than 7 and 15 statistical standard deviations, while the Υ(3S) → γχb1(1P ) is not
seen. This work is in agreement with recent measurements performed by CLEO [7].
An upper limit B(Υ(3S) → γηb(2S)) < 1.9 × 10−3 is set at 90% CL, for a scan of the
resonance in the narrow range: 335 < E∗

γ < 375 MeV.
In the “high” Υ(3S) region we observe the transitions χb1,2(2P ) → γΥ(1S) with a

much better accuracy than CLEO and CUSB, and confirm an absence of observation of
the χb0(2P ) → γΥ(1S). For the ηb(1S) state a 2.9 statistical standard deviation signal
is seen (respectively 2.7 when including systematic uncertainties that are dominated by
width assumption for the signal). The fitted mass of the quarkonium state is (9403.6 ±

2.8±0.9) MeV/c2 and is inconsistent with the PDG average by about 3.1σ deviations [2].
The measured B(Υ(3S) → γηb(1S)) = (5.9 ± 1.6+1.4

−1.6) × 10−4 is however consistent with
previous measurements [3].

Finally, for the Υ(2S) data spectrum one observes the transitions χb1,2(1P ) → γΥ(1S)
with a much better accuracy than CLEO and CUSB, and confirms an absence of obser-
vation of the χb0(1P ) → γΥ(1S). For the ηb(1S) state a non significant 1.7 statistical
standard deviation signal when including systematic uncertainties is obtained (2.5σ for
statistics only). The fitted mass of the quarkonium state is nevertheless fairly consistent
with the PDG average [2]. One sets the upper limit: B(Υ(2S) → γηb(1S)) < 0.22% at
90% of CL.

The results of that analysis [5] are the best B(χbJ (nP ) → γΥ(1S, 2S)) available
measurements and in good agreement with theory predictions [8]. We have the most
accurate measurements of the transitions Υ(3S) → γχb0,2(1P ) and we don’t observe the
χb1(1P ). This is inconsistent with any theory prediction but this is in good agreement
with CLEO [7]. Unfortunately very few concluding informations are derived for the
ηb(1S, 2S) states as initially hoped.

1
.
3. Search for Υ(3S) → π0hb(1P ) and π+π−hb(1P ) transitions. – The hb(1P )

bottomonium state is the axial vector partner of the three P -wave χbJ (1P ) states
and its mass is expected to be at the center of gravity of their masses: mhb(1P ) =
ΣJ [(2J + 1) × mχbJ (1P )]/ΣJ (2J + 1) = (9900 ±O(3)) MeV/c2.

The predicted production mechanisms in Υ(3S) decays are B(Υ(3S) → π0hb(1P )) ∼
10−3 and B(Υ(3S) → π+π−hb(1P )) ∼ 10−5

− 10−3. Such predictions lead to a relative
ratio of branching ratios of the 2 decay modes (π0/π+π−) ranging from 5 to 20% [9].
The Υ(3S) → γhb(1P ) decay is forbidden by C-parity.

The expected hb(1P ) decay width is less than 1 MeV. The particle decays to 3 gluons
(∼ 57%) or to 2 gluons plus a photon (∼ 2%), and for 40–50% of the time, to γηb(1P ).
The latter mode offer an experimental signature that helps to reduce the background and
that can be compared to the technique that was employed by CLEO in 2005 and latter
on by BES in 2010 to observe the charmonium state hc in the decay ψ(2S) → π0hc[γηc].
More recently CLEO-c [10] measured the decay e+e− → π+π−hc.
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Fig. 2. – Fitted recoil mass spectra for Υ(3S) → π0hb(1P ) (left) and Υ(3S) → π+π−hb(1P )
(right). The right-hand side plot is displayed after that the fitted combinatoric background has
been subtracted.

The existing information for the branching ratios are: B(Υ(3S) → π+π−hb(1P )) <
1.8 × 10−3 and B(Υ(3S) → π0hb(1P )) < 2.7 × 10−3 at 90% CL [2]. At this conference
R. Mizuk [11], for the BELLE Collaboration, has presented the first observation of the
hb(1P ) and hb(1P ) states in Υ(5S) → π+π−hb(1P, 2P ) transitions.

We perform the search in the 2 channels Υ(3S) → π0hb(1P ) [12] and Υ(3S) →

π+π−hb(1P ) [13].
The Υ(3S) → π0hb(1P ) channel is reconstructed by requiring a photon with an

energy E∗

γ consistent with the transition hb(1P ) → γηb(1P ) ([420, 540] MeV). Additional
selection criteria are applied. They are based on the number of tracks, event shape, and
we veto photons matching π0. The global signal efficiency is about 16%. The number
of signal event is extracted from fits to the distribution of the mass recoiling against the
pion system in the Υ(3S) rest frame and in a mass region near the predicted hb(1P )
mass (9.9 GeV/c2). The recoil mass window comprises 90 bins of 3 MeV/c2 width each.
Very precise fits to photon pairs are performed and account for accurate effects from re-
weighted Monte Carlo simulation to data (the signal region is excluded in the procedure).
The average reduced χ2 of the fit presented in fig. 2 (left) is 0.98 ± 0.03.

The fit to the recoil mass spectrum yields 9145±2804±1082 signal events. This is an
evidence for the signal at the level of 3.0 standard deviations and this number includes
all the sources of uncertainties (statistical and systematic). The systematic uncertainties
are dominated by the background and signal line shape models and the m(γγ) fits.
The above signal significance is slightly higher (3.2σ) when the systematic uncertainties
contributions are omitted. The mass of the hb(1P ) signal is (9902 ± 4 ± 1) MeV/c2 and
is fully compatible with an expected value as the centre of gravity of the χbJ (1P ) states.

When assuming B(hb(1P ) → γηb(1P )) = (45 ± 5)%, we measure B(Υ(3S) →

π0hb(1P )) = (3.7 ± 1.1 ± 0.4) × 10−4. We also set the upper limit to be 5.8 × 10−4

at 90% CL. It is fully consistent with the prediction by Voloshin [9] and coherent the
previous limits.

The Υ(3S) → π+π−hb(1P ) channel is reconstructed by requiring a pair of positively-
charged track as the dipion pair. Additional criteria are applied. They are based on the
event energy and shape, the number of tracks, and we also veto mainly K0

S → π+π−

decays and we reduce the also less worrying baryon decay Λ → pπ− and converted γ to
a e+e− pair. The global signal efficiency is about 42%. Here also a search of a signal
peak near 9.9 GeV/c2 is performed by fitting the recoil mass against the dipion system.
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The signal resolution is expected to be of the order of 9 MeV/c2.
The fit of the subtracted combinatoric background spectrum is displayed in fig. 2

(right). A 1D χ2 fit is performed to extract the signal and it comprises 7 components:
the hb(1P ) signal, the Υ(3S) → π+π−Υ(2S) transition at the Υ(2S) mass, the Υ(2S) →
ππΥ(1S) contribution slightly below 9.8 GeV/c2, the χb1,2(2P ) → π+π−χb1,2(1P ), the
remaining K0

S → π+π− pollution, and the non-peaking background (including ISR
e+e− → π+π−Υ(1S)). No signal is seen. The fit yields a negative number of sig-
nal events: −1106 ± 2432 (statistical uncertainty only is included here). This leads to
the upper limit: B(Υ(3S) → π+π−hb(1P )) < 1.2 × 10−4 at 90% CL. The maximum
significance over the scanned range is 2 standard deviations at most. The systematic
uncertainties are dominated by the decay knowledge in the simulation for the charmless
mesons and by the continuum model and residual K0

S and ISR backgrounds.
We also extract the branching ratios of the transitions Υ(3S) → X(χbJ (2P ) →

π+π−χbJ ′(1P )), where J = J ′ and are equal to 1 or 2. We measure: B(J = J ′ = 1 or 2) =
(1.16± 0.07± 0.12)× 10−3 or (0.64± 0.05± 0.08)× 10−3. And we improve the PDG [2]
accuracy for the B(Υ(3S) → π+π−Υ(2S)) and B(Υ(3S) → X(Υ(2S) → π+π−Υ(1S)))
decays. We measure respectively: (3.00 ± 0.02 ± 0.14)% and (1.78 ± 0.02 ± 0.11)%.

Finally it is possible to estimate the ratio of branching ratios B(Υ(3S) → π0hb(1P ))
over B(Υ(3S) → π+π−hb(1P )) from the above measurements. It is higher that 3.7–5.8
and so far consistent with predictions from theory [9].

2. – Rare D0
→ γγ and D0

→ π0π0
decays

In the Standard Model (SM) Flavor Changing Neutral Currents (FCNC) are forbidden
at tree level. These decays are allowed at higher order and have been measured in kaons
and B mesons. For charm mesons the low mass of the down-type companion quark
introduces a large suppression at the 1-loop level from the GIM mechanism. So far no
FCNC decays of charm mesons have been observed. The search of rare charmed meson
decay such as D0

→ γγ is one possible way to perform that search.
In the SM the process D0

→ γγ is dominated by long distance effects [14]. At short
range mainly 2-loops contribute and the branching ratio B of D0

→ γγ is expected to
be of the order of 3 × 10−11. This is several order of magnitude below the sensitivity
of current experiments. But in fact, the transition D0

→ γγ is dominated by Vector
Meson Dominance processes (VMD), so that the value of B(D0

→ γγ) is enhanced to

(3.5+4.0
−2.6)×10−8. This larger value is confirmed in the HQχPT computations that predict

B(D0
→ γγ) = (1.0 ± 0.5) × 10−8.

Such small values are anyhow still a bit far away from experimental capacities. But
possible large enhancements arising from long distance New Physics (NP) effects are such
that they can lead values as large as 6× 10−6 for B(D0

→ γγ). This is in fact within the
reach of present experiments a B-factories. Such effects may for example originate from
gluino-exchange within the MSSM framework [15].

The BABAR experiment with about 470 fb−1 of data collected near the Υ(4S) resonance
has such a discovery potential. This integrated luminosity corresponds to more than
610 × 106 cc̄ quark pairs. The search of the process D0

→ γγ is therefore an appealing,
even difficult, mode for NP search. BABAR has effected such an analysis.

The existing upper limit on B(D0
→ γγ) is 2.7×10−5 at 90% CL [2] and was obtained

by the CLEO experiment [16]. The measurement of that branching ratio is normalized
to the abundant, pure and precisely measured channel D0

→ K0
Sπ0, whose branching

ratio is equal to (1.22±0.5)×10−2 [2]. When employing that technique some systematic



214 V. TISSERAND on behalf of the BABAR COLLABORATION

Fig. 3. – (Colour online) Fitted mass spectra of the D0 → π0π0 (left) and D0 → γγ (right)
signals. The dots with error bars are the data. On top we superimpose with the long dashed red
curve the fitted combinatorial background component, the signal is shown with the solid blue
line. In the case of the γγ analysis the signal is fitted together with the D0 → π0π0 background
component which results in a negative signal (small dash purple curve). The fit is determined
from unbinned maximum likelihood but the χ2 value is determined from binned data and is
provided as goodness-of-fit measure. The pull distributions show the differences between the
data and the solid blue curve above with values and uncertainties normalized to the Poisson
statistics.

uncertainties cancel in the ratio of branching ratio.
The largest background for D0

→ γγ channel is the decay mode D0
→ π0π0. Is

presently measured B is equal to (8.0 ± 0.8) × 10−4 [2]. We also perform similarly the
measurement of that latter channel using the normalization technique to the D0

→

K0
Sπ0. Doing that measurement at the same time allows to have a better handling of the

D0
→ π0π0 background for the search of the D0

→ γγ mode. The main backgrounds for
D0

→ π0π0 are the modes D0
→ K0/K̄0π0 and K−π+π0.

In order to remove BB̄ backgrounds, we use D∗+
→ D0π+ tagged events and require

PD∗ > 2.4 − 2.85 GeV/c2. We remove QED background by requiring at least 4 tracks
or neutrals within the BABAR detector acceptance. The channels D∗0

→ D0π0/γ are the
largest backgrounds for the normalization channel D0

→ K0
Sπ0. Finally in the case of

the γγ analysis, we perform a veto against photons that can be associated to another
photon in the event to build a π0 candidate. Such a veto is 66% efficient on D0 signal
and removes 95% of the photons originated from π0.

For the D0
→ π0π0 analysis the selection efficiencies of the D0

→ π0π0 signal is 15.2%
and it is 12.0% for the normalization channel D0

→ K0
Sπ0. For the D0

→ γγ analysis the
selection efficiencies of the D0

→ γγ signal is 6.1% and it is 7.6% for the normalization
channel D0

→ K0
Sπ0.

Figure 3 shows the fitted spectra of the D0
→ π0π0 (left) and D0

→ γγ (right) signals.
The π0π0 analysis fitted yield is 26010±304 signal events, while for the normalization

channel K0
Sπ0 the yield is 103859 ± 392 events. This corresponds to B(D0

→ π0π0) =
(8.4 ± 0.1 ± 0.4 ± 0.3) × 10−4, where the third uncertainty is related to uncertainty on
the world average for B(D0

→ K0
Sπ0) [2]. This measurement is 40% more accurate than

the present world average value.
For the γγ analysis the fit yields a negative number: −6 ± 15 events. It corresponds

to an upper limit of 25.1 events at 90% CL. This number converts into an upper limit,
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Fig. 4. – Fitted value of B(Bs)SL with respect to B(Bs → DsX) (left) and of fs versus the value
of the center-of-mass energy of the 2008 BABAR scan (right) [20]. The statistical and additional
systematic uncertainties are plotted separately.

computed from pseudo Monte Carlo experiments. That computation includes systematic
uncertainties. We set the upper limit: B(D0

→ γγ) < 2.4 × 10−6 at 90% CL (<
2.06 × 10−6 without systematic uncertainties). Such a value is already constraining
specific NP models [15]. It is an order of magnitude lower than the existing best world
limit [16].

3. – Semi-leptonic branching ratio of the Bs mesons and the fraction fs above

the Υ(4S) resonance

As opposed to the semi-leptonic B(Bu,d → Xl−ν̄l), that are well known and equal to
(10.33–10.99±0.28)%, the existing measurements of the semi-leptonic branching ratio in
Bs decays are still inaccurate [2]. It is expected to be from 1.5 to 3% lower than that of
Bd [17]. Its world average is (7.9±2.4)%, from LEP experiment at the Z0 and they include
the information on the fraction P (b → Bs) = (10.5± 0.9)%. The alternate measurement
(10.2±0.8±0.9)% is from the Υ(5S) data collected by the BELLE experiment [18]. The
LHCb experiment has yet already started to contribute by providing measures of ratios
of specific semi-exclusive decays to total inclusive semi-leptonic Bs decay [19].

Recently the BABAR Collaboration has performed the measurement of B(Bs → Xl−ν̄l)

(B(Bs)SL) and of fs, the fraction of B
(∗)
s mesons produced above the Υ(4S) resonance.

For this we use 4.1 fb−1 of data from a final energy scan performed in the last period of
the data taking in 2008 [20]. In that energy scan, data were collected every 5 MeV above
the Υ(4S) resonance, from which 3.15 fb−1 was taken in the range [2mBs, 2mΛB ].

These 2 measurements are based on the counting of the yield of produced φ mesons
and of φ mesons produced in correlation with a high -momentum lepton. Such signatures
are more abundant in Bs decays than in Bu,d decays. As a function of the center of
mass energy in the scan, one can unfold the 2 parameters B(Bs)SL and fs from the 3
observables: the number of produced B hadrons, the φ mesons inclusive rate, and the
rate of φ mesons produced in correlation with a high-momentum lepton.

The light qq̄ (q = u, u, s, c) pair of quarks contribution are subtracted by using data
collected 40 MeV below the Υ(4S) resonance. The Bu,d contributions are computed from
data collected at the Υ(4S) resonance. Many quantities derived from the PDG [2] such as
B(Bs → DsX), B(Ds → Xl−ν̄l), B(Ds → φX), B(Ds → φXl−ν̄l) (. . . ) are exploited in
the computation of B(Bs)SL and fs from the above enumerated 3 observables. The input
B(Bs → DsX) is from far the less accurately known of the various input parameters. Its
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present world average is (93 ± 25)%.
Figure 4 displays the fitted value of B(Bs)SL with respect to B(Bs → DsX) (left) and

of fs versus the value of the center-of-mass energy of the 2008 PEP-II scan (right). We
measure B(Bs)SL = (9.9+2.6

−2.1(stat.)+1.3
−2.0(syst.))%. This branching ratio is consistent with

previously mentioned measurements. The values of fs for bins near the Υ(5S) resonance
are fully compatible with those obtained by BELLE: (18.0 ± 1.3 ± 3.2)% and CLEO:
(16.8 ± 2.6+6.7

−3.4)% in 2007 [21].
∗ ∗ ∗

I would like to thank my BABAR colleagues for their help in the preparation of that
presentation and their many useful comments and inputs during our discussions.
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Summary. — The study of heavy-quark decays continues to have wide interest
as a possible avenue for the discovery of physics beyond the standard model. With
data samples as large as 6 fb−1, the CDF Collaboration is exploring new channels
that will extend the reach of measurements in probing the CKM mechanism of CP
violation. Several new measurements are presented.

PACS 12.15.Ff – Quark and lepton masses and mixing.
PACS 14.40.Lb – Charmed mesons (|C| > 0, B = 0).
PACS 14.40.Nd – Bottom mesons (|B| > 0).

1. – Measurement of the branching fraction of B0
s → J/ψ f0(980)

Because the standard model phase is predicted to be small in Bs mixing [1], the study
of Bs decays remains an important avenue to search for indications of new physics. Thus
far measurements have been restricted to the decay mode B0

s → J/ψ φ, φ → K+K− [2,3]
which not only requires tagging the flavor of the b quark at production, but also requires
an angular analysis to disentangle the contributions of the CP even and odd contributions
in the decay to two vector mesons. These fits over decay-time and angular variables can
also yield measurements of the difference in the lifetimes of the two Bs eigenstates. The
decay mode B0

s → J/ψ f0(980) provides new information in several important ways [4].
Because the f0 is a scalar, this decay mode can be used to study CP violation without the
need of an angular analysis. Also, the suppressed decay B0

s → J/ψ f0(980), f0(980) →
K+K− may yield an S-wave contribution that would pollute the fit in J/ψ φ analysis.
Finally, as a pure CP = −1 decay, B0

s → J/ψ f0(980) can provide a direct measurement
of 1/ΓH , the lifetime of the heavier Bs mass eigenstate.

A convenient way to normalize the branching fraction is to measure it relative to the
more copious B0

s → J/ψ φ decay mode:

(1) Rf0/φ =
B(B0

s → J/ψ f0(980))

B(B0
s → J/ψ φ)

B(f0(980) → π+π−)

B(φ → K+K−)
,

c© Società Italiana di Fisica 217
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Fig. 1. – Fit of the mass distribution for the yield of B0
s → J/ψ f0(980), f0 → π+π−.

which is predicted to be in the range 0.1 to 0.5 [4-6]. LHCb has recently reported the first
observation of this decay mode with a significance exceeding 12σ and measured Rf0/φ =

0.252+0.046
−0.032

+0.027
−0.033 [7]. Belle has also observed the decay in data taken at the Υ(5S)

resonance at found B(B0
s → J/ψ f0(980), f0 → π+π−) = (1.16+0.31

−0.19
+0.15
−0.17

+0.26
−0.18)×10−4 [8].

CDF has searched for the B0
s → J/ψ f0(980), f0 → π+π− in 3.8 fb−1 of pp̄ collision

data and has measured Rf0/φ with substantially improved precision [9]. The analysis
begins with a sample of pairs of opposite-charge muon candidates found in the pseudora-
pidity range |η| < 1 with transverse momentum pT > 1.5 GeV/c that are selected by the
trigger if they have masses in the range 2.7 < Mµµ < 4 GeV/c2. In a kinematic fit, the
pairs are required to originate from a common point and to have a mass consistent with
a J/ψ. These J/ψ candidates are then combined with two additional charged-particle
tracks that are assumed to be pions. The pion pair must have a mass in the range
0.85 < Mππ < 1.2 GeV/c2 to be considered as an f0 candidate, and a kinematic fit of
the B candidate is performed. A neural network algorithm (NN) is used to purify the
sample. The quantities used include kinematic variables, the displacement and quality
of the reconstructed decay point, and quality of the muon identification. Monte Carlo
(MC) simulations of J/ψ f0(980) events are used for the signal in the NN training, while
the background is taken from events in the data with a Bs candidate mass in the range
5.45–5.55 GeV/c2. The normalization B0

s → J/ψ φ sample is identified in a similar way
with the substitution of a pair of tracks assumed to be kaons instead of pions. The mass
is the KK pair is required to be within 10 MeV/c2 of the φ pole mass. The same NN
selection is used for the normalization and signal modes, and the relative efficiency is
determined in simulations. In the simulation of the signal, the dipion mass spectrum is
modeled using a Flattè distribution using parameters measured by BES [10].

The yield is found using an unbinned maximum likelihood fit for the B candidate mass
in the range 5.26 to 5.5 GeV/c2 which avoids physics backgrounds such as improperly
reconstructed B0 → J/ψ K∗0. Physics backgrounds such as J/ψ ρ decays are included in
the fit. The signal shape is two Gausssians with parameters determined in simulations.
The mass distribution with a projection of the fit is shown in fig. 1. The yield is 571±37
events in the signal and 2302 ± 49 in the normalization channel. Figure 1 also shows
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Fig. 2. – Fit of the mass distribution for the yield of B0
s → J/ψ K0

S , K0
S → π+π−. The full

distribution showing the dominant B0 peak is shown on the left, while in the zoomed-in view
on the right, the B0

s signal is visible.

the dipion mass distribution when selecting events consistent with the Bs mass and
performing a sideband subtraction. A fit to the Flattè distribution is overlaid, showing
that the signal is quite consistent with the f0 hypothesis. Projections of the helicity
angle of the J/ψ → μ+μ− and f0 → π+π− are also consistent with the decay of a
pseudoscalar to a vector and a scalar particle. The principal systematic uncertainties
are from the relative efficiency, the shape of the background, and the mass resolution
scale. When all uncertainties are included the ratio of branching fractions is: Rf0/φ =
0.292 ± 0.020 ± 0.017.

2. – Measurement of the branching fraction of B0
s → J/ψ K0

S

The decay B0
s → J/ψ K0

S is also a CP -odd final state and thus has much the same
interest as J/ψ f0. However, the former is Cabibbo suppressed; therefore, one expects a
ratio of branching fractions

(2) RK0
S

=
B(B0

s → J/ψ K0
S)

B(B0 → J/ψ K0
S)

≃ 0.05.

CDF has observed this decay mode [11] in a 5.9 fb−1 data sample. The principal dif-
ferences in the experimental technique compared to the J/ψ f0 search are that recon-
struction must account for the K0

S → π+π− decay length, the signal sample is a tail on
the mass distribution of the normalization sample, and the relative yield is derived in a
single mass fit. The combinatorial background is again suppressed using a NN with a
Monte Carlo simulation for the signal sample and data from the upper sideband as the
background sample for the training. The MC is also used to derive a signal shape distri-
bution for the fit where the mass peak and a width scale factor are set by the dominant
B0 mode, and the Bs peak uses the same shape parameters with the known [12] mass
splitting (see fig. 2).

A binned log-likelihood fit including the combinatorial backgrounds and background
from partially reconstructed b hadrons yields 64 ± 14 B0

s → J/ψ K0
S decays. To de-

termine the significance, the null hypothesis is tested with the fit repeated without a
Bs contribution. The difference in −2 lnL is interpreted as ∆χ2 yielding a probability
of background fluctuation of 4 × 10−13 or a significance of 7.2σ. The ratio of yields
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N(B0
s → J/ψ K0

S)/N(B0 → J/ψ K0
S) = 0.0108 ± 0.0019 can be multiplied by the ratio

of efficiencies found from the MC and the ratio of production abundances of B0
s and B0

to result in RK0
S

= 0.041 ± 0.007(stat.) ± 0.004(syst.) ± 0.005(frag.), in good agreement
with expectations.

3. – Measurement of the time-integrated mixing parameter χ̄

The measurement in the previous section has a large uncertainty from the fragmen-
tation fraction fs/fd, the ratio of production fractions of B0

s and B0 mesons. Several
different types of measurements can contribute to the extraction of fs/fd: in semileptonic
decays, one can assume SU(3) (e.g., Γ(B+ → D̄0μ+ν) = Γ(B0 → D−μ+ν) = Γ(B0

s →
D−

s μ+ν)), and use the yields in various partially reconstructed decay modes to extract
the production fractions; with theoretical input on the ratios of branching fractions of
decays with similar topology, the yields in exclusive hadronic decays can be used; and
the time-average mixing parameter χ̄ = fdχd +fsχs provides additional constraints since
the mixing parameter χd is known from the B factories at the Υ(4S) and χs ≃ 0.5 since
Bs mixing is nearly maximal.

There is significant tension in existing measurements of χ̄ and fs/fd, with the LEP
average of χ̄ = 0.1259 ± 0.0042 [13] and a recent measurement from D0 of χ̄ = 0.132 ±
0.007 ± 0.024 [14], while CDF in Run 1A found χ̄ = 0.152 ± 0.007 ± 0.011. Similarly,
the averages for the relative fractions [15] are fs/fd = 0.363 ± 0.047 from Tevatron
measurements and fs/fd = 0.256 ± 0.024 for measurements taken at the Z. While this
difference could be an indication of a difference in the fragmentation properties of b
quarks in the two environments, precise measurements from the Tevatron are required
to understand if the difference is significant.

χ̄ is measured from the ratio of same-sign to opposite-sign dileptons

(3) R =
N(ℓ+ℓ+) + N(ℓ−ℓ−)

N(ℓ+ℓ−)

after correcting for other sources of dileptons such as fakes, charmonium, and sequential
b → c → ℓ decays. The new CDF measurement [16] uses a 1.4 fb−1 sample of dimuons
with pT > 3 GeV/c and |η| < 0.6 that have traversed about 8 hadronic interaction lengths
of material. In addition, to exclude pairs from a single B decay, the pair mass is required
to exceed 5 GeV/c2. Muons can come from several sources: bottom hadron decays, charm
hadron decays, or fakes. The fakes in turn can be from prompt particles or from heavy-
flavor decays. The different sources can be distinguished statistically on the basis of the
impact parameter distribution of the muons. This method has been used previously to
measure the correlated bb̄ cross section [17]. The analysis uses a two-dimensional binned
fit to the distribution of the impact parameters of the two muons. The templates are
derived from MC as are constraints on heavy-flavor fakes (b, c → Kπ → μ). The fake
rates for kaons and pions to yield reconstructed muons are derived from D0 → K−π+

decays in an independently triggered data sample.
The event selection for this analysis is significantly more stringent than for the Run 1

measurement with tight cuts on the quality of the track reconstruction in the silicon
detector, including the requirement of a hit in the innermost layer which is 1.7 cm from the
beam. This last requirement removes a background of tracks with large impact parameter
that was not accounted for in earlier fits using the template method. Figure 3 shows
projections of the fits onto a single axis for the μ+μ−, μ+μ+, and μ−μ− samples. The raw
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Fig. 3. – Fit of templates to the two-dimensional impact parameter distributions for µ+µ− (left),
µ+µ+ (center), and µ−µ− (right) events.

value of the asymmetry is Rµµ,raw = 0.472±0.011±0.007 where the dominant systematic
uncertainty is due to the fake muon contributions. There are many sources of like-sign
dimuons in the bb̄ → μμ sample including b semileptonic decay, b → c → μ sequential
decays, b → ψ → μμ decays, and hadron fakes. Only the first component should be
included in a the determination of χ̄. MC results are used to correct for the other
contributions to yield the final result χ̄ = 0.126±0.008. The systematic uncertainty on the
indirect muon contributions in b decays is included in the total uncertainty. This result
is now quite close to the LEP and D0 values. While this may hint that the fragmentation
process may not be very different in the two environments, better determination of the
b baryon fraction will be required to make a definitive statement.

4. – Measurement of branching fractions and CP asymmetries in B± → D0h±

decays

The CKM angle γ = arg(−VudV
∗

ub/VcdV
∗

cb) is the least well-known element of the uni-
tarity triangle and is challenging to determine from experiment. The ADS method [18]
is one of several techniques that have been proposed. It takes advantage of the inter-
ference between two doubly Cabibbo-suppressed decay chains. In one, a color-allowed
b → c+ ūs(d) decay is followed by a doubly Cabibbo-suppressed D0 → K+π − decay, and
in the other, a color-suppressed b → u+ c̄s(d) transition is followed by a Cabibbo-favored
D̄0 → K+π − decay. There are two ADS observables:

RADS =
B(B − → [K+π − ]D0K − ) + B(B+ → [K − π+]D0K+)

B(B − → [K − π+]D0K − ) + B(B+ → [K+π − ]D0K+)
,(4)

AADS =
B(B − → [K+π − ]D0K − ) − B(B+ → [K − π+]D0K+)

B(B − → [K+π − ]D0K − ) + B(B+ → [K − π+]D0K+)
.(5)

RADS is the ratio of fraction of doubly-Cabibbo-suppressed (DCS) decays to Cabibbo-
favored (CF) decays, and AADS is the asymmetry between B+ and B − for decays in the
DCS modes. The relationship between γ and the observables can be found in ref. [18].
Similar observables are defined with a pion in the final state instead of the kaon.

The CDF analysis [19] uses 5 fb− 1 of data collected with the displaced secondary
vertex trigger. The selection is optimized using the CF hypothesis to minimize combi-
natorial background using cuts on kinematics, candidate isolation, and decay lengths.
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Fig. 4. – Mass distributions of DCS decays B+
→ [K−π+]D0h+ (left) and B−

→ [K+π−]D0h−

(right). The curves show projections of the fit that include D0K and D0π signal contribu-
tion as well as backgrounds from random combinations and physics sources such as partially
reconstructed B decays.

Candidates that are consistent with a D0 reconstructed both in the CF and DCS mode
are rejected. Specific ionization (dE/dx) is used to reject D0 → π+π− decays. Events
are reconstructed according to both the CF and DCS B− → D0π− hypotheses. The
sample also includes B− → D0K− decays which will populate a secondary peak in the
mass distribution shifted below the B mass. The numbers of CF and DCS events in the
B+ and B− samples are determined in a joint fit over the CF and DCS sets of candidates
that includes the candidate (Kππ) mass as well as dE/dx to distinguish between D0K
and D0π decays. Figure 4 shows the DCS mass distributions with projections of the
fit overlaid. The signal shape is common to CF and DCS candidates so there is little
uncertainty in the shape for the DCS candidates. The fit includes contributions from
combinatorial backgrounds as well as partially reconstructed B decays and other physics
backgrounds. The ADS observables are determined directly from the yields after includ-
ing a small correction for the difference in nuclear interaction probabilities for K+ and
K−. The observed values are

RADS(K) = 0.022 ± 0.008 ± 0.008,(6)

RADS(π) = 0.0041 ± 0.0008 ± 0.0004,(7)

AADS(K) = −0.63 ± 0.40 ± 0.23,(8)

AADS(π) = 0.22 ± 0.18 ± 0.06.(9)

The systematic uncertainties arise from the fit model, physics background, and dE/dx
model. These are the first measurements of ADS observables at a hadron collider, and
they are consistent and competative with measurements from Belle [20] and BaBar [21].

5. – Measurement of CP violation in D0 → π+π−
and D0 → K+K−

decays

The the time-integrated CP -violating asymmetry in the Cabibbo-suppressed decays
D0 → π+π− and D0 → K+K− offers a strong probe for physics beyond the standard
model. The B decays B0 → K+K− and π+π− have large asymmetries because the b → u
transition as a complex CKM phase at order λ3; however, charm transitions are real up
to O(λ5). Therefore, a significant asymmetry would be the result of a new process. The
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Fig. 5. – Allowed region for aIndirect
CP and aDirect

CP from CDF for D0
→ π+π− (left) and D0

→

K+K− (right) decays shown in comparison to results from Belle and BaBar. The ellipses show
the 68% and 95% CL allowed regions from combining the result.

asymmetry is the difference between the rates of decay of D0 mesons to a particular final
state compared to that for a D̄0 to the same final state:

(10) ACP (D0 → h+h−) =
Γ(D0 → h+h−) − Γ(D̄0 → h+h−)

Γ(D0 → h+h−) + Γ(D̄0 → h+h−)
.

Both direct CP violation and mixing-induced CP violation are possible. Because charm
mixing is slow, to first order the time-integrated asymmetry can be expressed as

(11) ACP = aDirect
CP +

∫

∞

0

ACP (t)D(t)dt ≈ aDirect
CP + aIndirect

CP

〈t〉

τ
,

where D(t) is the observed distribution of proper decay times. Therefore, experiments
that are sensitive to different regions of proper decay time will have differing sensitivity
to the direct and indirect components.

In a 5.9 fb−1 sample collected with a displaced-decay trigger, CDF has measured
asymmetries in both the KK and ππ channels [22]. The flavor of the D0 at production is
tagged using D∗+ → D0π+ decays where the charge of the pion tags the flavor: π+ for D0

and π− for D̄0. The observed asymmetry for D∗-tagged h+h− events is Aobs(h
+h−, πS) =

ACP (h+h−)+ δ(πS) where Aobs is the observed asymmetry, ACP is the true asymmetry,
and δ(πS) is the detection asymmetry for the tagging soft pion. That detector asymmetry
can be found from events with a D∗ tag and Cabibbo-favored D0 → K−π+ decays where
the flavor of the decay is known: Aobs(K

−π+, πS) = ACP (K−π+) + δ(K−π+) + δ(πS)
which also includes intrinsic and detector asymmetries from the D decay mode. These
in turn can be measured from inclusive D0 → K−π+ decays where the asymmetry is
Aobs(K

−π+) = ACP (K−π+) + δ(K−π+). These three equations are solved to find

(12) ACP (h+h−) = Aobs(h
+h−, πS) − Aobs(K

−π+, πS) + Aobs(K
−π+).
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This method relies on several fairly weak assumptions. First, it is assumed that there
is no production asymmetry for D∗+ and D∗− which should be the case for the charge
symmetric pp̄ initial state. The soft pion efficiency is assumed to be independent of
the D decay mode, and there is assumed to be no variation in acceptance as a function
of rapidity. Both of these latter assumptions are verified with data. Fits to the mass
distributions give yields of 106421± 361 π+π−π+

S , 110447± 368 π+π−π−

S , 232520± 759
K+K−π+

S , and 243575 ± 778 K+K−π−

S events. The measured asymmetries are

ACP (D0 → π+π−) = +0.22 ± 0.24 ± 0.11%,(13)

ACP (D0 → K+K−) = −0.24 ± 0.22 ± 0.10%,(14)

where the dominant systematic uncertainty comes from allowing changes in the signal
shape for the oppositely tagged samples. As described in eq. (11), these asymmetries
depend on the actual experiment and correspond to a joint limit in the (aIndirect

CP , aDirect
CP )

plane. Those limits are shown in fig. 5 along with limits from Belle [23] and BaBar [24].
The CDF limits are the most stringent to date. The slopes CDF and B-factory measure-
ments are different as a result of the different lifetime distributions of the samples, thus
the results can be combined to yield the elliptical limit regions shown on the figure. All
of the results are consistent with the point showing no CP violation.
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Summary. — In this paper we present recent results of charmless hadronic B

decays from the two B-factories, BABAR at SLAC, USA, and Belle at KEK, Japan.
They include partial branching fractions of inclusive charmless B decays to K+,
K0, and π+, branching fractions and polarizations of B+ → ρ0K∗+, f0K

∗+, and

B0 → K∗0K
∗0

, and branching fractions, CP asymmetries and angular distributions
in B → φφK decays.

PACS 14.40.Nd – Bottom mesons (|B| > 0).
PACS 13.20.He – Decays of bottom mesons.

1. – Introduction

The dominating processes in B meson decays are through tree-level b → cW ∗, leaving
a charm meson in the final states. In charmless hadronic B decays, other types of
diagrams, such as b → s penguin diagrams are enhanced. These processes allow studies
of short- and long-distance QCD effects, CP -violating asymmetries, hadronic phases,
and searching for evidence for physics beyond the Standard Model.

To date, approximately one hundred charmless hadronic B decay modes have been
measured with more than four-sigma significance. The majority of them are from
BABAR collaboration at SLAC in the United States and Belle collaboration at KEK
in Japan, both of which started operation in 1999 and ended in 2008 and 2010, respec-
tively. The branching fractions of these decay modes range from a few times 10−5 down
to 10−6 [1]. Several other charmless channels are also searched and the upper limits of
the branching fractions are well below 10−6.

Both B-factories, BABAR and Belle, spent most of their operation time on the Υ(4S)
resonance and recorded a wealth of B meson decay data through e+e− → Υ(4S) →

BB processes. BABAR and Belle collected approximately 430 fb−1 and 710 fb−1 of
data on Υ(4S), respectively, which corresponds to a total of more than 1.2 × 109 BB
pairs. Approximately 10% of the time they operated at about 40 MeV below the Υ(4S)
resonance to study non-B background. They also operated at other Υ resonances and
scanned over an energy range above Υ(4S) to higher than known resonances.

c© Società Italiana di Fisica 225
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The common analysis technique amongst the analyses presented in the paper is
to fully reconstruct a B meson in an event by combining all decay products of a B
meson and exploiting the kinematic properties to separate signal from background.
The most useful variables are energy-substituted (or beam energy-constrained) mass
mES =

√

E∗2
beam

− p∗2B and ∆E = E∗

B −E∗

beam
, where the asterisk denotes the quantities

evaluated in the center-of-mass (c.m.) frame, (EB , pB) are the energy and momentum of
the reconstructed B candidate. The mES and ∆E distributions for the B signal peak at
the B meson mass and zero, respectively, and have a width of approximate 3 MeV and
30 MeV, respectively. The width of ∆E varies in a wide range depending on the number
of neutral particles in the final state. The dominant background comes from continuum
events e+e− → qq, where q stands for light quarks u, d, s, or c. The topology of the
continuum events is much more jet-like than the BB events because light quarks carries
much higher momentum than the B mesons. We exploit the event shape variables to
build Fisher discriminant or other more sophisticated multivariate classifiers to separate
signal from background. Finally, it is important to separate kaons from pions in many
final states we study. Both B-factories utilize the Cherenkov radiation as the major tools
to distinguish kaons from pions. The specific ionization in the tracking devices also plays
a roll in particle identification.

2. – Inclusive charmless B decays to K+
, K0

, and π+

In the standard model (SM) the inclusive branching fraction of B mesons decaying
to charmless final states is of the order of 2% [2]. Particles associated with physics
beyond the SM, such as supersymmetric partners of SM particles, could enter the loop
in b → s and b → d diagrams and enhance the inclusive b → sg (g denoting a gluon)
branching fraction [3, 4]. Furthermore, semi-inclusive processes are usually affected by
smaller hadronic uncertainties than those that arise in calculations for exclusive final
states, therefore these decays can be sensitive to non-perturbative amplitudes, such as
charming penguins [5].

The signature of the inclusive charmless B decays is the presence of a light meson (K+,
K0

S , or π+) with momentum beyond the kinematic endpoint for B decays to charmed
mesons. To suppress the overwhelming background from continuum events, one B meson
is fully reconstructed through the decay modes B → D(∗)Y ±, where Y ± is a combination
of hadrons containing one, three, or five charged kaons or pions, up to two neutral pions,
and at most two K0

S → π+π−. After applying selections in mES , ∆E, and event shape
variables, and fitting to mES and Fisher discriminant, 2×106 BB events are reconstructed
by BABAR from a data set of 383 × 106BB pairs.

From the remaining particles that does not belong to the fully reconstructed B, events
that contains candidates consistent with a charm meson are rejected, and only events
that contains a K+, K0

S or π+ with a momentum p∗ in the recoiled frame greater than
1.8 GeV are retained. Event yields are extracted from a maximum likelihood fit to three
variables, mES , Fisher, and p∗. The probability density function (PDF) includes signal,
qq, and b → c background components. An iterative fitting procedure is used to determine
the background shapes, using events with p∗ > 1.8 GeV, and the signal yields at higher
momentum, as shown in fig. 1. The charge CP asymmetry is also measured. The main
systematic uncertainty sources include the number of fully reconstructed B candidates,
efficiency estimations, PDF shapes, and b → c background yield extrapolation.

The fitted results to the high p∗ region are shown in table I. The partial branching
fraction above p∗ > 2.34GeV is in the range 2–4 × 10−4. This results are in agree-
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Fig. 1. – (Color online) Projection plots at high p∗ for (a) K+, (b) K0
S , and (c) π+ samples [6].

The solid curves are the total fit function, the (red) dashed lines are the signal component, the
(blue) long dashed are the b → c background and the (magenta) dotted are qq. A likelihood cut
is applied to suppress the background. The scale on the upper border of the plots indicates the
mass of the system recoiling against the light hadron.

ment with the estimates of the sums of known exclusive branching fractions of charmless
two- and three-body B decays. On the other hand, predictions based on SCET [5]
underestimate the measurements, and substantial non-perturbative charming penguin
contributions or large higher-order corrections may be needed.

3. – B+
→ ρ0K∗+

and f0K
∗+

QCD factorization models predict a large longitudinal polarization fraction fL, of
order (1 − 4m2

V /m2
B) ∼ 0.9, for B to two vector particles (VV) [7]. However, several

measurements of penguin dominated VV final states give fL ∼ 0.5 [8]. Many literatures
attempt to understand the low fL values within or beyond the SM [9].

In this section, the branching fractions, polarizations, and direct CP asymmetries of
the decay modes B+

→ ρ0K∗+(892) and f0(980)K∗+ measured by BABAR are sum-
marized [10]. The measurements are based on a data sample of (467 ± 5) × 106 BB
pairs, and an additional 44 fb−1 of data collected 40 MeV below the Υ(4S) is used for
background studies.

The B+
→ ρ0K∗+ and f0K

∗+ candidates are reconstructed through the decays of
ρ0 or f0 → π+π−, K∗+

→ K0
Sπ+ or K∗+

→ K+π0, with K0
S → π+π− and π0

→ γγ.
The differential decay rate for B+

→ ρ0K∗+, after integrating over the angle between

Table I. – Summary of the fit results of inclusive charmless B decays [6].

B → K+X B → K0X B → π+X

Signal yield (events) 54+11

−10 32 ± 7 107+15

−14

Significance (σ) 2.9 3.8 6.7

B(×10−6)
p∗>2.34GeV 119+32

−29 ± 37 195+51

−45 ± 50 372+50

−47 ± 59

ACP 0.57 ± 0.24 ± 0.05 – 0.10 ± 0.16 ± 0.05
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the decay planes of the vectors is proportional to

1 − fL

4
sin2 θK∗+ sin2 θρ0 + fL cos2 θK∗+ cos2 θρ0 ,(1)

where θK∗+(θρ0) are helicity angle of the K∗+ (ρ0). The direct CP asymmetry ACP is
defined as (Γ−

− Γ+)/(Γ− + Γ+), where Γ± = Γ(B±
→ f±).

Events with 0.792 < mKπ < 0.992GeV, 0.52 < mπ+π− < 1.05GeV, |∆E| < 10MeV
and 5.225 < mES < 5.289GeV are retained for further fit. If the final tracks can be
combined to form a D candidates, the candidate is rejected. To avoid the region where
the efficiency falls off rapidly, K∗+ and ρ0 candidates need to satisfy cos θK∗+ < 0.92 and
| cos θρ0 | < 0.95, respectively. Finally a neural network discriminant is used to provide
additional separation between signal and qq background.

An extended likelihood function is used to simultaneously fit branching fractions, fL

of B+
→ K∗+ρ0 and ACP . The PDF uses seven variables: mES , ∆E, neural network

output, mπ+π− , mKπ, cos θπ+π− , and cos θKπ. In the end, BABAR observes B+
→

ρ0K∗+ with a significance of 5.3σ, and measures branching fraction B(B+
→ ρ0K∗+) =

(4.6 ± 1.0 ± 0.4) × 10−6, the longitudinal polarization fL = 0.78 ± 0.12 ± 0.03, and
ACP = 0.31 ± 0.13 ± 0.03. They also measure B(B+

→ f0(980)K∗+) × B(f0(980) →

π+π−) = (4.2 ± 0.6 ± 0.3) × 10−6, and ACP = −0.15 ± 0.12 ± 0.03.
It is interesting to compare fL of the three charge combinations of B → ρK∗:

fL(K∗+ρ0) = 0.78 ± 0.12 ± 0.03 [10], fL(K∗0ρ0) = 0.57 ± 0.09 ± 0.08 [11],

fL(K∗0ρ+
|BABAR) = 0.52±0.10±0.04 [11], and fL(K∗0ρ+

|Belle) = 0.43±0.11+0.05
−0.02 [12].

B+
→ K∗0ρ+ is a pure penguin process, B0

→ K∗0ρ0 is penguin plus color-suppressed
b → uus tree, and B+

→ K∗+ρ0 is penguin plus color-allowed b → uus tree. The trend
of their fL is consistent with other observations that penguin dominated processes have
fL ∼ 0.5 and tree dominated processes have fL ∼ 0.9.

4. – B0
→ K∗0K∗

0
and K∗0K∗0

The decay B0
→ K∗0K∗

0
is a pure b → d penguin process to two vector particles. It

should have a similar longitudinal polarization fraction fL as b → s penguin processes
under U-spin symmetry. Studying this decay mode may provide insight into the polar-
ization puzzle in b → s penguin dominated processes as described in the previous section,
and test factorization models. If sufficient signal events are observed, a time-dependent

angular analysis of B0
→ K∗0K∗

0
can distinguish between penguin annihilation and

rescattering as mechanisms for the value of fL in penguin-dominated B → V V [13].
B → K∗0K∗0 is highly suppressed in the SM, and could appear via an intermediate
heavy boson beyond the SM.

BABAR uses a data sample consisting of 383×106 BB pairs, and Belle uses 657×106.
The analysis is very similar to that of B → ρK∗ described in the previous section. The
angular distribution is identical to equation 1 after substituting ρ0 with K∗0. The K∗0

is reconstructed from K∗0
→ K+π−, where the charge of K identifies the flavor of K∗.

BABAR selects only 0.792 < mKπ < 1.025GeV, while Belle keeps a larger range of
[0.7,1.7] GeV to study other resonances that contributes to B → K+π−K−π+ decays.

Events are vetoed if Kππ can be combined to form a D− meson candidate, or if Kπ
can be combined to form a φ meson candidate when the kaon mass is assigned to the pion
candidate. To suppress the dominant qq continuum background, both experiments ex-
ploit event shape variables, B candidate flight direction, and flavor tagging information.
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Table II. – Branching fractions of B → K∗0K∗
0

and K∗0K∗0
, and polarization of K∗0K∗

0
.

B(K∗0K∗
0
) (10−6) fL(K∗0K∗

0
) B(K∗0K∗0) (10−6)

BABAR [14] 1.28+0.35
−0.30 ± 0.11 0.80+0.10

−0.12 ± 0.06 < 0.41 at 90% C.L.

Belle [15] 0.26+0.33+0.10
−0.29−0.08 (< 0.8 at 90% C.L.) — < 0.2 at 90% C.L.

Both experiments use an extended unbinned maximum-likelihood fit to extract signal
yields and polarization simultaneously. BABAR uses seven variables in their PDF: mES ,
∆E, Fisher discriminant, and invariant masses and helicity angles of the two K∗ candi-
dates. Belle uses the product of two two-dimensional functions of (mES ,∆E) and of the
two K∗ candidates invariant masses. Belle fits higher K∗ resonances and K∗ (892) si-
multaneously, while BABAR fits for K∗0 (1430) contribution separately and extrapolate
its contribution to K∗ (892) region.

The results from both experiments are summarized in table II. The projection plots,
after cutting on likelihood ratios to enhance signal component, are shown in figs. 2, 3.

BABAR observes B → K∗0K∗
0

with a significance of 6σ, while Belle’s central value is
roughly 2σ below that of BABAR, and sets an upper limit below BABAR’s central value.

5. – B → φφK

The three-body B → φφK decay is a penguin b → sss transition. This final state can
also occur through the tree-level decay B → ηcK, followed by ηc → φφ. The tree and
penguin amplitudes may interfere at the region where the invariant mass mφφ is near
ηc mass. Within the SM, the relative weak phase between these two amplitudes is very
close to zero, so no CP asymmetry is expected. However, new physics contributions to
the penguin loop in B → φφK decay could introduce a non-zero relative CP -violating
phase and produce a significant direct CP asymmetry [16].

The analysis techniques are very similar between Belle and BABAR. Both B+
→

φφK+ and B0
→ φφK0 are studied. In addition to qq continuum background, possible

background sources from B decays include B → φK+K−K, B → 5K, B → f0φK,
and B → f0K

+K−K. These backgrounds can be distinguished on the m(KK)1
-m(KK)
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Fig. 2. – [Belle] Projections of the four-dimensional fit onto (a) ∆E, (b) mES , and (c) mK+π−

and for B0 → K∗0K∗
0

candidates. The thick solid curve shows the overall fit result; the
solid shaded region represents the signal component; and the dotted, dot-dashed and dashed
curves represent continuum background, b → c background, and charmless B decay background,
respectively [15].
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Fig. 3. – [BABAR ] Projections of the fit onto (a) mES , (b) ∆E, (c) K∗0 mass, and (d) cosine of

K∗0 helicity angle for B0 → K∗0K∗
0
. The solid line shows signal-plus-background; the dashed

line is the continuum background; the hatched region is the signal; and the shaded region is the
BB background [14].
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Fig. 4. – Fitted B+ → φφK+ yield as a function of mφφ. Left is from BABAR [18]; right is
from Belle [17]. The inset in the left plot is the same data with an extended vertical range.

Table III. – Partial branching fraction of B → φφK and direct CP asymmetry in B+ → φφK+
.

Partial BF (10−6) (mφφ < 2.85 GeV) B(B+ → φφK+) B(B0 → φφK0)

BABAR [18] 5.6 ± 0.5 ± 0.3 4.5 ± 0.8 ± 0.3

Belle [17] 3.2+0.6
−0.5 ± 0.3 2.3+1.0

−0.7 ± 0.2

CP Asymmetry mφφ < 2.85 GeV 2.94–2.98 GeV 2.98–3.02 GeV

BABAR [18] −0.10 ± 0.08 ± 0.02 −0.10 ± 0.15 ± 0.02 −0.08 ± 0.14 ± 0.02

Belle [17] 0.01+0.19
−0.16 ± 0.02 0.15+0.16

−0.17 ± 0.02
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plane where the two KK pairs form the two φ candidates. Events are retained if the
invariant masses of the φ candidates are below 1.2 GeV.

Event yields are obtained by fitting with a likelihood function of mES and ∆E
(BABAR uses Fisher and two KK pair masses as well). Figure 4 shows event yields
in slices of mφφ. Belle and BABAR find 34±6 (7±3) and 178±15 (40±7) signal events,
respectively, for B+

→ φφK+ (B0
→ φφK0) signal events below mφφ < 2.85 GeV. The

partial branching fractions and direct CP asymmetry in regions of mφφ are summarized
in table III. The CP asymmetry is consistent with zero, and no large deviation from the
SM is found.

BABAR also analyzes the angular distributions to investigate the spin components of
the φφ system below and within the ηc resonance in B+

→ φφK+. They find that below
ηc the distributions are more consistent with JP = 0+ than 0−, while within ηc region
they are all consistent with JP = 0−.

6. – Conclusions

Charmless B decays provide a rich program in heavy flavor phenomenology and new
physics search. Both B-factories continue to produce new results after the end of data
taking. Partial branching fractions and CP asymmetries of inclusive B → XK, Xπ
and B → φφK show no evidence of new physics. More B to vector-vector final states

(ρ0K∗+ and K∗0K∗
0
) are studied, and more information is added to the understanding

of polarization puzzle.
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Summary. — In this article I review the origin and the effects of chirally enhanced
loop-corrections in the MSSM based on previous papers. Chiral enhancement is
related to fermion-Higgs couplings (or self-energies when the Higgs field is replaced
by its vev). I describe the resummation of these chirally-enhanced corrections to
all orders in perturbation theory and the calculation of the effective fermion-Higgs
and gaugino (higgsino)-fermion vertices. As an application a model with radiative
flavor-violation is discussed which can solve the SUSY-CP and the SUSY-flavor
problem while it is still capable of explaining the observed deviation from the SM
in the Bs − Bs mixing phase.

PACS 14.65.Fy – Bottom quarks.
PACS 14.80.Da – Supersymmetric Higgs bosons.
PACS 14.80.Ly – Supersymmetric partners of known particles.

1. – Introduction

In this article I summarize recent progress in the field of chirally enhanced self-energies
in the MSSM done in collaboration with Jennifer Girrbach, Lars Hofer, Ulrich Nierste,
Janusz Rosiek and Dominik Scherer. The discussion will skip the technical aspects and
subtleties and instead focus on the essential features. The interested reader is referred
to refs. [1-3] for a detailed discussion.

In the standard model chirality violation is suppressed by small Yukawa couplings
(except for the top quark). However, the MSSM does not necessarily possess the same
suppression effects since the bottom Yukawa coupling can be big at large of tanβ =
vu/vd and also the trilinear A-terms do not necessarily respect the hierarchy of the
Yukawa couplings. Thus, chirality-flipping self-energies can be enhanced either by a
factor of tanβ [4] or by a ratio Aq

ij/(vY q
ij). This enhancement can compensate for the

loop suppression leading to corrections which are of the same order as the corresponding
physical quantities, i.e. of order one. These large corrections must be taken into account
to all orders in perturbation theory (sect. 3) leading to effective fermion-gaugino and
fermion-Higgs couplings (see sect. 4).
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It is even possible that light-fermion masses and the CKM elements are entirely due to
radiative corrections involving the trilinear A-terms [5]. Such a model of radiative flavor-
violation can solve the SUSY-CP [6] and the SUSY-flavor problem while still leading to
interesting effects in flavor-observables (see sect. 5).

2. – Self-energies

One can decompose any fermion self-energy into chirality-flipping and chirality-
conserving parts in the following way:

(1) Σf
ji(p) =

(
Σf LR

ji (p2) + /pΣf RR
ji (p2)

)
PR +

(
Σf RL

ji (p2) + /pΣf LL
ji (p2)

)
PL.

Here i and j are flavor indices running from 1 to 3. Since the SUSY particles are
known to be much heavier than the SM fermions it is possible to expand in the external
momentum. For our purpose it is even sufficient to work in the limit �p = 0 in which
only the chirality-flipping parts Σf LR

ji (0) = Σf RL⋆
ij (0) remain. It is well known that in

the MSSM these self-energies can be enhanced either by a factor tanβ [4] or by a factor

Af
ij/(Y f

ijMSUSY) [2] which compensates for the loop-suppression and leads to order one
corrections. The chirality-changing part of the fermion self-energy (at �p = 0, involving
sfermions and gauginos (higgsions)) can be written as

(2) Σfλ̃ LR
ji =

−1

16π2

6∑

s=1

N∑

I=1

mλ̃I
Γλ̃IL⋆

fj f̃s

Γλ̃IR

fif̃s

B0

(
m2

λ̃I
, m2

f̃s

)
.

Here λ̃ stands for the SUSY fermions (g̃, χ̃0, χ̃±) and N denotes their corresponding
number (2 for charginos, 4 for neutralinos and 8 for gluinos). The coupling coefficients

Γ
λ̃IL(R)

fif̃s

and the loop functions B0 are defined in the appendix of ref. [1].

The couplings Γ
λ̃IL(R)

fif̃s

in eq. (2) involve the corresponding sfermion mixing matrices

W f which diagonalize the sfermion mass matrices: W f⋆
s′s(M

2

f̃
)s′t′W

f
t′t = m2

f̃s
δst. In the

case of neutralino-quark-squark and chargino-quark-squark vertices they also depend on
Yukawa couplings and CKM elements.

An interesting feature of the self-energies in eq. (2) is that they are finite and that they
do not vanish in the limit of infinitely heavy SUSY masses. We refer to this approximation
in which only such non-decoupling terms for the self-energies are kept as “the decoupling
limit”. Note, however, that we do not integrate out the SUSY particles but rather keep
them as dynamical degrees of freedom.

Let us take a closer look at the quark self-energy with squarks and gluinos as virtual
particles(1). To leading order in v/MSUSY, the self-energy is proportional to one chirality

flipping element ∆q LR
jk of the squark mass matrix:

(3) Σqg̃ LR
fi =

2αs

3π
mg̃

3∑

j,k,j′,f ′=1

6∑

s,t=1

Λq LL
s fj ∆q LR

jk Λq RR
t ki C0

(
m2

g̃, m
2

q̃L
m

, m2

q̃R
n

)
.

(1) The gluino contribution is the dominant one in the flavor-conserving case. In the presence
of non-minimal sources of flavor-violation it is also usually the dominant one.
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Here the off-diagonal elements of the sfermion mass matrices are given by

(4)
∆u LR

ij = −vuAu
ij − vdA

′u
ij − vd μ Y ui δij ,

∆d,ℓ LR
ij = −vdA

d,ℓ
ij − vuA′d,ℓ

ij − vu μ Y di,ℓiδij ,

and the matrices Λf LL,RR
s ij = W f⋆

i+3,s W f
js take into account the flavor changes due to

bilinear terms. Note that in the decoupling limit W f
st depends only on the bilinear

terms.
For equal SUSY masses we can give a simple approximate formula for the self-energy

in eq. (3):

Σdg̃ LR
fi =

−1

100
vd

(
Ad

fi/MSUSY + Y di tan βδfi

)
,(5)

Σug̃ LR
fi =

−1

100
vu

(
Au

fi/MSUSY + Y ui cot βδfi

)
.(6)

Thus, generic Ad-terms which are of the order MSUSY lead to self-energies which are
approximatly vd/100. The part of eq. (6) containing Y b is of the order of 2 GeV for
tanβ ≈ 50. In the case of up-quarks, only the part of the self-energy proportional to Au

can be important: it is of the order of 1.5 GeV for Au ≈ MSUSY.
According to eq. (4) and eq. (6) the quark self-energy with a gluino as virtual particle

can be divided into a part linear in a Yukawa coupling and a part linear in an A-term.
Such a decomposition is possible for all self-energies (in the decoupling limit) because
either a Yukawa coupling or a trilinear A-term is needed in order flip the chirality. Thus,
we can also decompose the chargino self-energies (we do not consider the neutralino
self-energy here, because it is usually subleading) in an analogous way. In the flavor
changing case we also have to distinguish whether the flavor-change is due to a CKM
element or not which is important when we consider later the CKM renormalization.
Thus we decompose the down-quark self-energy as follows:

(7)
Σd LR

ii = Σd LR

ii��Y di
+ vu Y diǫd

i ,

Σd LR
fi = Σd LR

fi���CKM
+ md3

V
(0)⋆

3f ǫFCδi3 for f �= i.

Here ǫd
i is the part of the flavor-conserving down-quark self-energy proportional to Y di

divided by vuY di , Σd LR
fi���CKM

is the sum of all self-energies where the flavor-change is not

due to CKM elements and ǫd
FC arises from the part of the chargino self-energy where the

flavor change comes from a CKM element:

(8) ǫd
FC =

−1

16π2
μ

Y d3

md3

3∑

m,n=1

Y u3⋆ Λq LL
m 33 ∆u LR⋆

33 Λu RR
n 33 C0

(
|μ|2, m2

q̃L
m

, m2

ũR
n

)
.

For the discussion of the effective Higgs vertices we also need a decomposition of Σf LR
ji

into its holomorphic and non-holomorphic parts. Here non-holomorphic means that the
loop-induced coupling is to the other Higgs doublet than the on involved in the Yukawa-
term of the superpotential, i.e. for down-quarks the self-energy involves vu and for up-
quarks the self-energy contains vd. In the decoupling limit all enhanced holomorphic
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self-energies are proportional to A-terms and we denote the sum as Σf LR
ji A , while the

non-holomorphic part is denoted as Σ′f LR
ji :

(9) Σf LR
ji = Σf LR

ji A + Σ′f LR
ji .

3. – Renormalization

Chirally enhanced self-energies modify the relation between the bare Yukawa cou-
plings Y qi ≡ Y qi and the corresponding physical fermion masses mfi

. For quarks we
have the relation

(10) mqi
= vqY

qi + Σq LR
ii (q = u, d).

Equation (10) implicitly determines the bare Yukawa couplings Y qi for a given set of
SUSY parameters. In the up-quark sector the enhanced terms in the self-energy Σu LR

ii

are independent of Y ui . Therefore eq. (10) is easily solved for Y ui and one finds

(11) Y ui =
(
mui

− Σu LR
ii

)
/vu.

In the down-quark sector we have terms proportional to one power of Y di at most (in
the decoupling limit) and by solving eq. (10) we recover the well-known resummation
formula [7] with an extra correction due to the A-terms [8](2):

(12) Y di =
mdi

− Σd LR
ii�Yi

vd

(
1 + tanβǫd

i

)

The flavor-changing self-energies Σq LR
fi induce wave function rotations ψf L,R

i →

Uq L,R
ij ψq L,R

j in the flavor space which have to be applied to all external fermion fields.

At the two-loop level Uq L
fi is given by

(13) Uq L =

⎛
⎜⎜⎜⎝

1 − 1

2
|σq

12|
2

σq
12 +

mq1

mq2

σq⋆
21 σq

13 +
mq1

mq3

σq⋆
31

−σq⋆
12 −

mq1

mf2

σq
21 1 − 1

2
|σq

12|
2

σq
23 +

mf2

mq3

σq⋆
32

−σq⋆
13 −

mq1

mq3

σq
31 + σq⋆

12 σq⋆
23 −σq⋆

23 −
mq2

mq3

σq
32 1

⎞
⎟⎟⎟⎠ ,

where we have neglected terms which are quadratic or of higher order in small quark mass
ratios and we have defined the abbreviation σq

fi = Σq
fi/mqmax(f,i)

. The corresponding

expressions for Uf R is obtained from the one for Uq L by replacing σq
ji → σq⋆

ij . The

rotations in eq. (13) also renormalize the CKM matrix. The bare CKM matrix V (0),
which arises because of the misalignment between the bare Yukawa couplings, is now
determined through the physical one by

(14) V (0) = Uu L V Ud L†.

(2) This equation can be directly transferred to the lepton sector by replacing fermion index d
for ℓ, except for the vev.
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This equation can be solved analytically by exploiting the CKM hierarchy. First one
calculates the effects of Σd LR

fi���CKM
which lead to an additive change in the CKM elements.

Then the self-energies containing CKM elements lead to a scaling of new CKM elements
Ṽ13, Ṽ23, Ṽ31, Ṽ32 elements by a factor 1/(1 − ǫd

FC) (similar to eq. (12)).

4. – Effective vertices

4
.
1. Higgs vertices. – The effective Higgs vertices are most easily obtained in an

effective field theory approach [9] which is an excellent approximation to the full theory.
In addition to the flavor-diagonal holomorphic couplings of quarks to the Higgs fields
flavor-changing couplings to both Higgs doublets are induced via loops. The resulting
effective Yukawa-Lagrangian is that of a general 2HDM of type III and is given (in the
super-CKM basis) by

(15)
Leff

Y = Q̄a
f L

[
(Y diδfi + Ed

fi)ǫabH
b
d − E′d

fiH
a⋆
u

]
di R

−Q̄a
f L

[
(Y uiδfi + Eu

fi)ǫabH
b
u + E′u

fiH
a⋆
d

]
di R.

Here a and b denote SU(2)L - indices and ǫab is the two-dimensional antisymmetric
tensor with ǫ12 = 1. The loop-induced couplings E(′)q are given by

(16) Ed
ij =

Σd LR
ij A

vd

, E′d
ij =

Σ′d LR
ij

vu

, Eu
ij =

Σu LR
ij A

vu

, E′u
ij =

Σ′u LR
ij

vd

.

Diagonalizing the effective quark mass matrices (after electroweak symmetry breaking)
and decomposing the Higgs fields into their physical components leads to the following
effective neutral Higgs couplings:

(17)
Γ

H0
k LR eff

uf ui = xk
u

(
mui

vu
δfi − Ẽ′u

fi cot β
)

+ xk⋆
d Ẽ′u

fi,

Γ
H0

k LR eff

df di
= xk

d

(
mdi

vd
δfi − Ẽ′d

fi tanβ
)

+ xk⋆
u Ẽ′d

fi,

with

Ẽ′q
fi = Uq L∗

jf E′q
jkUq R

ki ≈ E′q
fi − ∆E′q

fi,(18)

∆E′q =

⎛
⎜⎝

0 σq
12E

′q
22 (σq

13 − σq
12σ

q
23) E′q

33 + σq
12E

′q
23

E′q
22σ

q
21 0 σq

23E
′q
33

E′q
33 (σq

31 − σq
32σ

q
21) + E′q

32σ
q
21 E′q

33σ
q
32 0

⎞
⎟⎠ .

The new term ∆E′q is especially interesting: it contains a non-holomorphic flavor-
conserving part which multiplies a flavor-changing holomorphic term. In this way the
holomorphic A-terms can lead to flavor-changing neutral Higgs couplings. The origin of
this term can be understood in the following way: Even though the couplings Ed

ij are

holomorphic, they lead to an additional rotation (if Ed
ij is flavor non-diagonal) which

is needed to diagonalize the effective quark mass matrix. These rotations then lead to
off-diagonal neutral Higgs couplings even if E′d

ij is flavor conserving. This effect will allow
us to explain the Bs mixing in our model with radiative flavor violation.
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4
.
2. Gaugino (higgsino)-fermion-vertices. – Effective gaugino (higgsino)-fermion-

vertices which include the chirally enhanced corrections are obtained by inserting the bare
values for the Yukawa couplings and the CKM elements into the corresponding Feynman
rules and applying the wave function rotations in eq. (13) to all external fermion fields.
Since the genuine vertex corrections are not enhanced, these vertices then include all
chirally enhanced effects.

5. – Radiative flavor violation

The smallness of the off-diagonal CKM elements and the Yukawa couplings of the
first two generations suggests the idea that these quantities might be due to radiative
corrections, i.e. they are zero at tree-level. Indeed, as we have see previously, the self-
energies involving the trilinear A-terms lead to order one effects in the renormalization of
the CKM elements and the light fermion masses and it is possible that they are generated
by the self-energy radiative corrections [5]. From eq. (6) we see that this is the case if
the A-terms are of the same order as the other SUSY parameters.

However, the third generation fermion masses are too heavy to be loop generated
(without unnaturally large values for the A-terms which would violate vacuum stabil-
ity [10]) and the successful bottom-tau (top-bottom) Yukawa coupling unification in
SU(5) (SO(10)) GUTs suggests to keep the third generation fermion masses. Thus we
assume the following structure for the Yukawa couplings of the MSSM superpotential:

(19) Y f
ij = Y f3δi3δj3, V

(0)

ij = δij .

This means that (in the language of [11]) the global [U(3)]5 flavor symmetry of the gauge
sector is broken down to [U(2)]5×[U(1)]2 by the Yukawa couplings of the third generation.
Here the five U(2) factors correspond to rotations of the left-handed doublets and the
right-handed singlets of the first two generation fermions in flavor space, respectively.

Let us first consider the quark sector. Here we demand that the light quark masses
and the off-diagonal CKM elements are generated by gluino self-energies. Regarding only
the first two generations, no direction in flavor space is singled out by the Yukawa term
in the superpotential and the Cabbibo angle is generated by a misalignment between Au

and Ad(3). Regarding the third generation, the situation is different because their non-
zero Yukawa couplings fix the quark-field rotations involving the third generation. Thus
Vub,cb,ts,td are generated by a misalignment between the Au, Ad and the third generation
Yukawa couplings. We will consider the two limiting cases in which the CKM elements
arise only from a mismatch between (Ad) Au and (Y d) Y d which we call CKM generation
in the down (up) sector for obvious reasons. This means we require

Σd LR
23 = mbVcb ≈ −mbV

∗
ts, Σd LR

13 = mbVub,(20)

or Σu LR
23 = −mtVcb ≈ mtV

∗
ts, Σu LR

13 = mtV
⋆
td.(21)

If the CKM matrix is generated in the down-sector the most stringent constraint
stems from an enhancement of b → sγ due to the off-diagonal element ∆d LR

23 in the
squark mass matrix. The resulting bounds on the squark and gluino mass are shown

(3) This also implies that the quark-squark gluino vertex is flavor-diagonal for transitions be-
tween the first two generations in the super-CKM basis.
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Fig. 1. – (Colour on-line) Left: Allowed regions in the mg̃-mq̃ plane. Constraint from b → sγ
assuming that the CKM matrix is generated in the down sector. We demand that the gluino
contributions should not exceed the SM one. Yellow (lightest): μ tanβ = 30 TeV, red: μ tan β =
0 TeV and blue (darkest): μ tan β = −30 TeV. Right: Allowed regions in the mg̃-mq̃ plane.
Constraints from Kaon mixing for different values of M2 assuming that the CKM matrix is
generated in the up sector. Yellow (lightest): M2 = 1000 GeV, green: M2 = 750 GeV, red:
M2 = 500 GeV and blue: M2 = 250 GeV.

in the left plot of fig. 1. In addition flavor-changing neutral Higgs coupling are induced
according to eq. (17) which gives an additional contribution to Bs → μ+μ−. Also Bs

mixing can be affected but because it is protected by a Peccei-Quinn symmetry a double
Higgs penguins contributes only if also Σd RL

23 is non-zero (see right plot in fig. 3).
In the case of CKM matrix generation in the up-sector, the most stringent constraints

stem from ǫK (see right plot of fig. 1) which receives additional contributions via a
chargino box diagram involving the double mass insertion δu LR

23 δu LR
13 . At the same time

the rare Kaon decays K+ → π+νν and KL → π0νν receive sizable corrections (see fig. 2)
which is very interesting for NA62.

Radiative mass generation is also possible in the lepton sector. Here the anomalous
magnetic moment of the muon probes the soft muon Yukawa coupling because it gets an
additive contribution which depends only on the SUSY scale. If one demands that SM
contribution plus the supersymmetric one is within the 2σ region of the experimental
measurement the smuon mass must lie between 600 GeV and 2200 GeV for M1 < 1TeV
if its Yukawa coupling is loop-generated (see left plot of fig. 3). If a smuon is found to
be lighter, the observed muon mass cannot entirely stem from the soft SUSY-breaking
sector and consequently the muon must have a nonzero Yukawa coupling yμ in the su-
perpotential.

6. – Conclusions

In the MSSM self-energies can be chirally enhanced by a factor tanβ or by a factor
Aq

ij/(vY q
ij) which can compensate for the loop-suppression. This leads to order one cor-

rections which must be taken into account to all orders in perturbation theory. This goal
can be achieved by using effective vertices which include these corrections. The trilinear
A-terms can even entirely generate the light fermion masses and the off-diagonal CKM
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Fig. 2. – Predicted branching ratio for the rare Kaon decay KL → π0νν (left) and K+ → π+νν
(right) assuming that the CKM matrix is generated in the up-sector for mq̃ = mg̃.
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Fig. 3. – Left: Allowed region in the M1-mμ̃ plane assuming that the muon Yukawa coupling
is generated radiatively by vdAℓ
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plane. Red: Allowed region from Bs − Bs mixing (95% confidence level). The contour lines
show Br[Bs → μ+μ−] × 109.
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elements via radiative corrections. Such a model of radiative flavor violation can both
solve the SUSY CP problem and is consistent with FCNC constraints for SUSY masses
of the order of 1 TeV. In addition in the case of CKM generation in the down-sector
Bs → μ+μ− and Bs − Bs mixing receive additional contributions via Higgs penguins
which and can even generate a sizable phase in Bs mixing. In the case of CKM gen-
eration in the up sector the branching ratio of the rare Kaon decays K+ → π+νν and
KL → π0νν can be enhanced compared to the SM prediction.

∗ ∗ ∗
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Summary. — We present a class of interacting nonlocal quantum field theories,
in which the CPT invariance is violated while the Lorentz invariance is not. This
result rules out a previous claim in the literature that the CPT violation implies
the violation of Lorentz invariance.

PACS 11.10.-z – Field theory.
PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.

1. – Introduction

Lorentz symmetry and the CPT invariance are two of the most respectable sym-
metries in Nature. The individual symmetries C, P and T have been observed to be
violated. The combined product —CPT— remarkably remains as an exact symmetry.

2. – A brief history of CPT

As far as I know, J. Schwinger was the first one who mentioned the CPT theorem
in his paper in 1951. He considered CPT theorem as a rather self-evident statement.
The first Proof of CPT was done by Lüders [2], by Pauli [3] and by John Bell (but I
have never seen his paper) within the Hamiltonian formulation of quantum field theory
with local and Lorentz-invariant interaction. Later Jost [4] gave a General Proof of CPT

within the axiomatic formulation of quantum field theory. The great deal was that the
“local commutativity” condition was relaxed to “weak local commutativity”.

Lorentz symmetry has been an essential ingredient of the proof, both in the Hamilto-
nian QFT and in the axiomatic QFT. The main idea was that the reflection of all 4 axes
is equvalent to the rotation for Euclidean space with even dimensions. Lorentz boost

(∗) This talk is based on the paper the author has written in collaboration with Sasha Dolgov,
Masud Chaichian and Anca Tureanu [1].
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in Minkowsky space-time is more or less equivalent to rotation in Euclidean time. The
problem was in accurate continuation of Minkowsky space to Euclidean one.

Violation of Lorentz symmetry and CPT was considered in the literature for decades.
A long list of references includes the great names of Coleman, Glashow, Okun, Colladay,
Kostelecky, Cohen, Lehner.

It is important to clarify the relation between CPT and Lorentz invariance. Does
the violation of any of the symmetries automatically imply the violation of the other
one? This issue has recently become a topical one due to the growing phenomenological
importance of CPT -violating scenarios in neutrino physics and in cosmology.

The first phenomenological consideration was made by Murayama and Yanagida [5].
They introduced a CPT -violating quantum field theory with a mass difference between
neutrino and antineutrino. Later Barenboim et al. [6] and then Greenberg [7] investigated
theoretical aspects of this assumption. Greenberg conclusion is: CPT violation implies
violation of Lorentz invariance.

The dispute on the validity of the theorem is the subject of this talk.

3. – CPT -violating free-field model

To formulate the CPT -violating free-field model we use commutation relations for
particle a(p), a+(p′) with mass m; Bose commutation relations for antiparticle b(p), b+(p′)
with mass m̃ and the considered Hamiltonian as a sum over free oscillators.

Greenberg arguments were that the propagator of free particles is not Lorentz co-
variant, unless the masses of particle and antiparticle coincide. The theory is nonlocal
and acausal: the ∆(x, y)-function, i.e. the commutator of two fields, does not vanish
for space-like separation, unless the two masses are the same, thus violating the Lorentz
invariance. These arguments support a general “theorem” that interacting fields that
violate CPT symmetry necessarily violate Lorentz invariance.

I would like to point out that such theory can not be considered as a quantum field
theory. There are no differential equations of motion. Canonical conjugate momenta do
not exist and, as a result, there are no canonical equal-time commutation relations “Free
fields” separated by a space-like distance do not commute. They do not anticommute as
well. One has no rule whether to apply commutation or anticommutation relations in
quantizing the fields! There does not exist any reasonable field theory formulation of a
model where particle and antiparticle have different masses.

4. – CPT -violating, Lorentz-invariant nonlocal model

We propose a model which preserves Lorentz invariance and breaks the CPT sym-
metry through a (nonlocal) interaction.

In this model the free-field theory is a local one. Nonlocal field theories appear, in
general, as effective field theories of a larger theory.

Consider a field theory with nonlocal interaction Hamiltonian of the type

(1) Hint(x) = g

∫

d4yφ∗(x)φ(x)φ∗(x)θ(x0 − y0)θ((x − y)2)φ(y) + h.c.,

where φ(x) is a Lorentz-scalar field and θ is the Heaviside step function, with values 0 or 1,
for its negative and positive argument, respectively. The combination θ(x0−y0)θ((x−y)2)
ensures the Lorentz invariance, i.e. invariance under the proper orthochronous Lorentz
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transformations, since the order of the times x0 and y0 remains unchanged for time-like
intervals, while for space-like distances the interaction vanishes.

Also, the same combination makes the nonlocal interaction causal at the tree level,
which dictates that there is no interaction when the fields are separated by space-like
distances and thus there is a maximum speed of c = 1 for the propagation of information.

On the other hand, it is clear that C and P invariance are trivially satisfied in (1),
while T invariance is broken due to the presence of θ(x0 − y0) in the integrand.

One can always insert into the Hamiltonian (1), without changing its symmetry prop-
erties, a weight function or form factor F ((x − y)2), for instance of a Gaussian type:

(2) F = exp

(

−
(x − y)2

l2

)

,

with l being a nonlocality length in the considered theory. Such a weight function would
smear out the interaction and would guarantee the desired behaviour of the integrand
in (1); in the limit of fundamental length l → 0 in (2), the Hamiltonian (1) would
correspond to a local, CPT - and Lorentz-invariant theory.

A weight function such as (2) would make the acausality of the model (see the next
section) restricted only to very small distances, of the order of l. The latter could be
looked upon as being a characteristic parameter relating the effective field theory to its
parent one, for instance the radius of a compactified dimension when the parent theory
is a higher-dimensional one. Furthermore, with such a weight function, the interaction
vanishes at infinite (x − y)2 separations and thus one can envisage the existence of in-
and out-fields.

There exists a whole class of such CPT -violating, Lorentz-invariant field theories
involving different, scalar, spinor or higher-spin interacting fields. Typical simplest ex-
amples are

Hint(x) = g1

∫

d4yφ∗
1(x)φ1(x)θ(x0 − y0)θ((x − y)2)φ2(y) + h.c.,(3)

Hint(x) = g2

∫

d4y ψ̄(x)ψ(x)θ(x0 − y0)θ((x − y)2)φ(y) + h.c.,

Hint(x) = g3

∫

d4y φ(x)θ(x0 − y0)θ((x − y)2)φ2(y) + h.c.

5. – Quantum theory of nonlocal interaction

The S-matrix in the interaction picture is obtained as solution of the Lorentz-covariant
Tomonaga-Schwinger equation:

(4) i
δ

δσ(x)
Ψ[σ] = Hint(x)Ψ[σ],

with σ a space-like hypersurface, and the boundary condition

(5) Ψ[σ0] = Ψ,

where Hint is for instance the Hamiltonian (3) with the fields in the interaction picture.
Then eq. (4) with the boundary condition (5) represents a well-posed Cauchy problem.
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The existence of a unique solution for the Tomonaga-Schwinger equation is ensured
if the integrability condition

(6)
δ2Ψ[σ]

δσ(x)δσ(x′)
−

δ2Ψ[σ]

δσ(x′)δσ(x)
= 0,

with x and x′ on the surface σ, is satisfied. The integrability condition (6), inserted
into (4), requires that the commutator of the interaction Hamiltonian densities vanishes
at space-like separation:

(7) [Hint(x),Hint(y)] = 0, for (x − y)2 < 0.

Since in the interaction picture the field operators satisfy free-field equations, they
automatically satisfy Lorentz-invariant commutation rules. The Lorentz-invariant com-
mutation relations are such that (7) is fulfilled only when x and y are space-like separated,
(x − y)2 < 0, i.e. when σ is a space-like surface. As a result, the integrability condi-
tion (7) is equivalent to the microcausality condition for local relativistic QFT. When the
surfaces σ are hyperplanes of constant time, the Tomonaga-Schwinger equations reduce
to the single-time Schrödinger equation. Inserting the expression (3) into (7), we have

[Hint(x),Hint(y)] =(8)
∫

d4ad4bθ((x − a)2)θ(x0 − a0)θ((y − b)2)θ(y0 − b0)

×[φ(x)φ2(a) + h.c., φ(y)φ2(b) + h.c.].

The commutator on the r.h.s. will open up into a sum of products of field at the points x,
y, a, b, multiplied by commutators of free fields like [φ(x), φ(y)], [φ(x), φ(b)], [φ(a), φ(y)],
[φ(a), φ(b)]. In order for the commutator (8) to vanish, all the coefficients of the products
of fields in the expansion have to vanish, since the fields at different space-time points
are independent. Clearly, the terms with the coefficient ∆(x − y) = [φ(x), φ(y)] vanish
for (x−y)2 < 0. However, the commutator (8) does not vanish for (x−y)2 < 0. In order
to show this, it is enough to show that one independent product of fields has nonzero
coefficient. Let us consider the products which contain the fields φ(x), φ(y), φ(a), φ(b)

A straightforward calculation shows that the terms containing these fields are:

∫

d4ad4b θ((x − a)2)θ(x0 − a0)θ((y − b)2)θ(y0 − b0)(9)

×2∆(a − b){φ(a), φ(b)}φ(x)φ(y) + h.c.

A closer study of the expression (9) shows that it does not vanish at space-like distances
between x and y and thus the causality condition (7) is not satisfied.

This, in turn, implies that the field operators in the Heisenberg picture, ΦH(x) and
ΦH(y), do not satisfy the locality condition

(10) [ΦH(x),ΦH(y)] = 0, for (x − y)2 < 0,

when the quantum corrections are taken into account. This is in accord with the require-
ment of locality condition (10) for the validity of CPT theorem both in the Hamiltonian
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proof (Luders, Pauli) and in the axiomatic one (Jost, Bogoliubov), taking into account
that there is no example of a QFT, which satisfies the weak local commutativity condition
(WLC) but not the local commutativity (LC).

6. – Conclusions

Let me summarize the results. We have presented a very simple class of interacting
nonlocal quantum field theories, which violate CPT invariance and preserve Lorentz
invariance. This result invalidates a general claim made previously by Greenberg, that
“CPT violation implies violation of Lorentz invariance”. Violation of Lorentz invariance
does not necessarily lead to CPT violation.

We hope that we have made a step in the right direction.

∗ ∗ ∗
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for their warm hospitality and for the excellent conference. This research was partly
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Summary. — The origin of flavour and CP violation is among the most important
open questions in particle physics. Imminent results from the LHC as well as planned
dedicated flavour physics experiments might help to shed light on this puzzle. This
talk concentrates on the NP sensitivity of the rare B decays Bs,d → µ+µ− and
B → K∗µ−µ− and of the CP -violating phase in Bs mixing. A brief summary of a
supersymmetric model with interesting signatures in the flavour sector is presented.

PACS 12.60.-i – Models beyond the standard model.
PACS 13.20.He – Decays of bottom mesons.

1. – Introduction

The tremendous progress in experimental flavour physics facilitated by the B facto-
ries, the Tevatron and other experiments shows that the CKM picture of flavour and
CP violation describes the data well, both for tree and loop-induced processes. Since
the Standard Model (SM) is only an effective theory valid up to some energy scale Λ,
which is yet to be determined but is expected to lie in the TeV region from naturalness
considerations, this success is a challenge for theories of new physics (NP). Assuming
generic flavour and CP -violating couplings, the bounds on Λ from ∆F = 2 processes
exceed 10000 TeV [1]. On the other hand, given that a theoretical understanding of the
hierarchical structure of quark masses and CKM mixings is still lacking, this paradox
might simply indicate that the flavour structure of NP is related to the SM one. If in fact
the Yukawa couplings, already present in the SM, are the only sources of breaking of the
flavour symmetry, theories with this property of Minimal Flavour Violation (MFV, [2,3])
can have TeV-scale dynamics without being in conflict with observations [4].

Then again, MFV might well be too restrictive an assumption. Concrete models
aiming to explain the origin of flavour often bring about a certain amount of non-minimal
flavour violation (see, e.g., [5-8]). Furthermore, the MFV principle does not preclude the
presence of flavour-blind CP -violating phases [9, 10]. Therefore, testing whether indeed
the Yukawa couplings are the only source of flavour breaking and testing whether indeed
the CKM phase is the only source of CP breaking are among the major goals of flavour
physics in this decade.

c© Società Italiana di Fisica 249



250 D. M. STRAUB

Table I. – SM predictions and 95% CL experimental upper bounds on the Bq → µ+µ−
branching

ratios [11,12].

Observable SM prediction Experimental bound

BR(Bs → µ+µ−) (3.2 ± 0.2) × 10−9 < 43 × 10−9

BR(Bd → µ+µ−) (0.10 ± 0.01) × 10−9 < 7.6 × 10−9

The experimental prospects for progress in this direction are excellent, in view of
planned dedicated flavour physics experiments like the Super B factories and searches
for electric dipole moments (EDMs) or rare K decays; Moreover, in the near future,
important results on b → s transitions are expected from the LHC. Sections. 2-4 will
therefore discuss three particularly promising probes of NP at the LHC: the rare leptonic
decays Bs,d → μ+μ−, CP violation in Bs mixing, and angular observables in the B →

K∗μ+μ− decay. Section 5 contains a brief summary of a model leading to interesting
signatures in precision flavour experiments: supersymmetry with hierarchical squark
masses, effective MFV and flavour-blind phases.

2. – Bs,d → µ+µ−

The decays Bs,d → μ+μ− are strongly helicity suppressed in the SM and have not
been experimentally observed yet; the current upper bounds still lie one/two orders of
magnitude above the SM predictions (see table I) but will be improved in the near future
by the Tevatron and LHC experiments.

Concerning NP effects in Bs → μ+μ−, in models where only the SM Wilson coefficient
C10 receives NP contributions, an order-of-magnitude enhancement of the branching ratio
is disfavoured due to constraints from inclusive and exclusive b → sℓ+ℓ− transitions on
C10. In that case, BR(Bs → μ+μ−) � 10−8 [13].

Much larger enhancements are possible in principle in models with contributions to
the scalar and/or pseudoscalar Wilson coefficients CS,P . In two-Higgs-doublet models, a
neutral Higgs penguin contributes to the branching fraction with an enhancement factor
of tanβ4, where tan β is the ratio of Higgs VEVs. In the MSSM, this dependence is even
tanβ6. Consequently, an upper bound BR(Bs → μ+μ−) < 10−8 would already constrain
numerous well-motivated NP scenarios, such as SUSY GUTs with a unification of Yukawa
couplings [14](1).

An important test of MFV is represented by the measurement of the ratio of the two
Bq → μ+μ− branching ratios. In MFV (as defined in [3]), it is simply given by

(1)
BR(Bs → μ+μ−)

BR(Bd → μ+μ−)
=

τBs
f2

Bs
mBs

τBd
f2

Bd
mBd

∣

∣

∣

∣

Vts

Vtd

∣

∣

∣

∣

2

.

While a simultaneous enhancement over the SM satisfying (1) would be a strong indica-
tion in favour of MFV, a non-SM effect incompatible with (1) would immediately rule
out MFV. Figure 1 (for details see [16]) shows possible values of this ratio attained in

(1) On the other hand, even within the MFV MSSM very large tan β would remain a valid
possibility if the trilinear couplings are small, such as in gauge mediation scenarios [15].
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Fig. 1. – Correlation between the branching ratios of Bs → µ+µ− and Bd → µ+µ− in MFV, the
SM4 and four SUSY flavour models. The gray area is ruled out experimentally. The SM point
is marked by a star. Taken from [16].

several non-MFV models: four SUSY flavour models studied in [5] and the SM with 4
generations [12]. This highlights the power of the correlation between Bs → μ+μ− and
Bd → μ+μ− to discriminate between different NP models.

3. – CP violation in Bs mixing

In the SM, CP violation in Bs mixing is a small effect since the relevant combination
of CKM elements has an accidentally small phase,

(2) φs ≡ arg(M12) = 2βs ≡ 2 arg

(

−
V ∗

tsVtb

V ∗

csVcb

)

≈ −0.04 .

Recently however, two experimental hints for a possibly large non-SM contribution to
φs have emerged. One concerns the mixing-induced CP asymmetry Sψφ extracted from
the time-dependent CP asymmetry in Bs → J/ψφ decays,

(3) As
CP(ψφ, t) ≡

Γ(B̄s(t) → ψφ) − Γ(Bs(t) → ψφ)

Γ(B̄s(t) → ψφ) + Γ(Bs(t) → ψφ)
≈ Sψφ sin(∆Mst) ,

where Sψφ = − sin φs. The other concerns the charge asymmetry ASL in dimuon events
at D0, which can be related to the semileptonic CP asymmetries in flavour-specific Bd

and Bs decays, ad,s
SL

, as [17]

(4) ASL ≈
(

ad
SL + as

SL

)

/2 ,

with O(10%) uncertainties on the coefficients on the right-hand side of (4).
While 2009 results on Sψφ showed a discrepancy with the SM somewhere in the

ballpark of 3 standard deviations [18], 2010 updates seem to be in agreement with the
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Fig. 2. – Correlation between the branching ratio of Bs → µ+µ− and the mixing-induced CP
asymmetry Sψφ in the SM4, the two-Higgs doublet model with flavour blind phases and three
SUSY flavour models. The SM point is marked by a star.

SM at the 1σ level [19, 20], although no combination has been performed yet. The D0
result on ASL deviates by 3.2σ from the SM [21], interestingly pointing in the same
direction as the possible effect in Sψφ(2).

If these hints turn out to be genuine signals of NP in Bs mixing, it would have far-
fetching consequences, in particular for theories with MFV. If a theory satisfying MFV
does not have any source of CP violation beyond the CKM phase, a sizable Bs mixing
phase cannot be generated. Even if the MFV theory has flavour-blind phases, this is
nontrivial. While a two-Higgs doublet model with MFV and flavour-blind phases can
generate a sizable φs [23, 24], this possibility is precluded in the MSSM by the impact
of constraints like B → Xsγ and Bs → μ+μ− [5]. A confirmation of φs deviating
significantly from the value in (2) would thus immediately rule out many well-motivated
theories, including the MFV MSSM.

Another interesting tool to discriminate between NP models is the correlation between
Sψφ and the branching ratio of Bs → μ+μ−. In many models, sizable deviations from
the SM prediction for φs are tied to the presence of scalar currents, which can also
affect Bs → μ+μ−. This is the case e.g. for the two-Higgs doublet model with MFV
and flavour-blind phases (2HDM

MFV
) or for the SUSY flavour model of Agashe and

Carone (AC, [25]). As shown in fig. 2, sizable Sψφ implies a sizable enhancement of
BR(Bs → μ+μ−) in these models, while the converse is obviously not true. In the
SM4, on the other hand, even the converse statement is true: If Bs → μ+μ− is found
with a rate significantly enhanced with respect to the SM, this model unambiguously
predicts a sizable deviation also in Sψφ. In yet other models, like in the SU(5) model
of [26], both observables can be enhanced independently of each other, but a simultaneous
enhancement is unlikely.

(2) After this talk was given, preliminary data on Bs → J/ψφ from the LHCb experiment were
presented [22] also showing a preference for an effect in the same direction, although still with
a small significance.
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4. – B → K∗µ+µ−

The exclusive decay B̄ → K̄∗0(→ K−π+)μ+μ− gives access to many observables
potentially sensitive to NP [27-31, 13]; since it is a “self-tagging” decay, it also allows a
straightforward measurement of CP asymmetries.

The decay poses several theoretical challenges. In addition to calculating the 7
B → K∗ form factors, one has to estimate non-factorizable strong interaction effects.
At intermediate values of the dilepton invariant mass squared q2, resonant charmonium
production leads to a breakdown of quark-hadron duality. The most studied region is
the low q2 region, where QCD factorization can be used to calculate non-factorizable
corrections [32, 33] and light-cone sum rules to calculate the form factors [34, 30]. The
high-q2 region above the charmonium resonances has recently attracted increasing at-
tention [13, 35]. While QCD factorization and LCSR methods are not applicable in this

kinematical domain, a local operator product expansion in powers of 1/
√

q2 allows a
systematic calculation of the observables [36,35]. In [35], it has been argued that, in con-
trast to the low-q2 region, non-perturbative corrections not accounted for by the form
factors are small (see also [37]).

A complete set of observables accessible in the angular distribution of the decay and
its CP -conjugate is given by the 9 CP -averaged angular coefficients Si and the 9 CP
asymmetries Ai, defined in terms of the angular coefficients Ii, Īi as [30]

(5) Si = (Ii + Īi)

/

d(Γ + Γ̄)

dq2
, Ai = (Ii − Īi)

/

d(Γ + Γ̄)

dq2
.

Not all of the Si and Ai are both theoretically interesting and experimentally promis-
ing. In addition, at B factories, at the Tevatron and at the early LHC, statistics is quite
limited so a full angular analysis is not possible and it might be easier to consider one-
or two-dimensional angular distributions depending on a limited set of observables.

In addition to the observables(3) which have already been studied by BaBar [39],
Belle [40] and CDF [41]—the differential branching ratio, the forward-backward asym-
metry and the K∗ longitudinal polarization fraction—two observables sensitive to NP
that could be extracted from a one-dimensional angular distribution are the CP -averaged
S3 and the CP -asymmetry A9. While they are both negligibly small in the SM, they
could be nonzero in NP models with right-handed currents [27, 30].

Two additional observables could be extracted from a two-dimensional angular dis-
tribution and might be accessible even during the early LHC running: the CP -averaged
observable S5 and the CP -asymmetry A7. In [31], it has been shown that even with
an integrated luminosity of only 2 fb−1, LHCb can measure S5 with a precision that
already allows to probe certain NP scenarios. Since A7 is accessible from the same an-
gular distribution, the naive expectation is that the sensitivity should be comparable.
Just as A9, A7 is a T-odd CP asymmetry, meaning that it is not suppressed by small
strong phases [28]. Sizable effects in A7 of up to 20% are expected in well-motivated NP
scenarios like the one discussed in the next section.

(3) See [38] for a dictionary between different notations for the B → K∗µ+µ− observables.
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5. – CP violation in supersymmetry with effective MFV

As mentioned in the introduction, the MFV principle provides a symmetry argument
to explain the absence of any evidence for flavour violation beyond the SM, but does not
address the absence of signals of CP violation beyond the CKM phase, e.g. in EDMs.

In supersymmetry, a different way to address the flavour problem is to assume a strong
hierarchy between the squarks of the first two versus the ones of the third generation:
the heaviness of the former helps evading the strong bounds from K physics, while the
lightness of the latter preserves the SUSY solution to the gauge hierarchy problem. For
a generic flavour structure of the soft SUSY breaking terms, this hypothesis is however
by far insufficient to ensure the absence of excessive flavour violation and needs to be
extended by some amount of flavour alignment (see [42] and references therein).

In ref. [43], the hierarchical sfermion idea was combined with a specific flavour
symmetry-breaking pattern inspired by MFV. The starting point is a global flavour
symmetry in the quark sector of the form

(6) GF = U(1)B̃1
⊗ U(1)B̃2

⊗ U(1)B̃3
⊗ U(3)dR

,

where B̃i acts like baryon number, but only for the right-handed up-type and the left-
handed (s)quark fields. GF is subsequently broken down to baryon number by a single
spurion, the down-type Yukawa coupling Yd. As a consequence, it was shown in [43] that
the theory is essentially MFV-like at low energies (therefore the name “Effective MFV”),
with the most significant constraint coming from CP violation in neutral kaon mixing.

Interestingly, hierarchical sfermions also ameliorate the SUSY CP problem compared
to MFV since the one-loop contributions to the experimentally accessible EDMs involve
the superpartners of first generation fermions. Therefore, in ref. [44] the Effective MFV
(EMFV) framework was analyzed allowing all the CP violating phases not forbidden by
the flavour symmetry. With hierarchical squark masses, the usual argument that flavour
blind phases need to be tiny to meet the EDM bounds does not apply in EMFV.

The main results of [44] can be summarized as follows.

– The one-loop contributions to the EDMs are under control if the first generation
up-squark and sneutrino masses fulfill the following bounds,

(7) mũ > 2.7TeV × (sin φµ tanβ)
1
2 , mν̃ > 4.0TeV × (sin φµ tanβ)

1
2 .

– Two-loop contributions from Barr-Zee–type diagrams not suppressed by first- or
second-generation sfermion masses give contributions to the electron EDM that are
in the ballpark of the experimental bound in the case of a sizable phase in the μ
term, and are usually below it if the stop trilinear coupling (but not μ) is complex.

– Even if the EDMs are under control, potentially visible effects can arise in CP
asymmetries in B physics, induced by one-loop contributions involving third gen-
eration sfermions to the magnetic and chromomagnetic b → s dipole operators.

As an example for the possible effects in B physics, fig. 3 shows the correlation between
the mixing-induced CP asymmetry in B → η′KS and the angular CP asymmetry A7

(integrated in the low q2 range) in B → K∗μ+μ− discussed in sect. 4 for two scenarios:
first, assuming an arbitrary phase of the μ term, second, assuming an arbitrary phase
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Fig. 3. – Correlation between the mixing-induced CP asymmetry in B → η′KS and the angular
CP asymmetry 〈A7〉 in B → K∗µ+µ− in two scenarios with a complex µ term (left) or complex
At term (right). The gray points are allowed by all constraints except de, while the blue points
are compatible with all constraints. The orange points in the left-hand plot have | sin φµ| < 0.2.

for the stop trilinear coupling. In particular in the second scenario, sizable effects in the
CP asymmetries can be generated without violating the EDM bounds(4).

This study provides an example of a model with interesting signatures in flavour
physics observables and also highlights the importance of dedicated flavour physics ex-
periments, like EDM searches or Super B factories, as complements to the LHC. The
results are applicable to all MSSM scenarios with hierarchical sfermions (see, e.g., [8]),
with possible additional effects in the presence of non-minimal flavour violation.

6. – Conclusions

The LHC era is in full swing, also in flavour physics. Imminent results on decays
like Bs → μ+μ− or B → K∗μ+μ− and on CP violation in Bs mixing discussed in this
talk will help shed light on the question whether there is new physics at the TeV scale,
and subsequently whether the Yukawa couplings are the only source of breaking of the
flavour and CP symmetries, as in the SM.

Supersymmetry with hierarchical squark masses, combined with Effective MFV [43,
44], can solve the SUSY flavour and CP problems and leads to potentially visible effects
in CP asymmetries in B physics, without violating EDM bounds.

∗ ∗ ∗
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(4) The signals in flavour physics arising in this second scenario are very similar to the effects
in the MFV MSSM with a complex At term and a real µ term [45,5]. Of course, the two setups
are easily distinguishable on the basis of their different spectrum.
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Summary. — Several analyses from the experiments NA48 and NA62 are presented
in this paper, including new measurements with K± → π±µ+µ− decays, K±

µ3 form

factors, branching fraction of K± → π+π−e±ν, and precise LFV test with Kl2

decays.

PACS 13.20.Eb – Decays of K mesons.
PACS 12.15.Hh – Determination of Cabibbo-Kobayashi & Maskawa (CKM) matrix
elements.
PACS 11.30.Fs – Global symmetries (e.g., baryon number, lepton number).

1. – Introduction

During 2003 and 2004 the experiment NA48/2 collected a large sample of simultane-
ously recorded K+ and K− decays in order to search for direct CP violation in three-pion
final state [1]. Many other precise studies were performed on this multipurpose data-set,
taking advantage of the highly symmetric experimental conditions. Sections. 3, 4 and 5

briefly discuss several of the most recent NA48/2 measurements. In 2007 started the
data taking for the first phase of the experiment NA62(1), dedicated to precise LFV test
with Kl2 decays (sect. 6).

2. – Experimental setup

The beam line of NA48/2 and the first phase of NA62 experiment is designed to
deliver simultaneously K+ and K−, produced on a beryllium target from SPS primary
protons(2). The beams of 60±3 GeV/c (74±2 GeV/c) momentum for NA48/2 (NA62) are
selected by a system of magnetic elements. After final cleaning and collimation the two
beams enter the 114 m long decay volume. The momenta of the charged decay products
are measured by a magnetic spectrometer consisting of four drift chambers (DCH) and

(1) The future program of the experiment, now in advanced stage of construction, is dedicated
to 10% measurement of the ultra-rare decay K+ → π+νν̄ [2].
(2) More detailed description and schematic view of the beam line can be found in [1].

c© Società Italiana di Fisica 257
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a dipole magnet. The resolution of the spectrometer is σ(p)/p = 1.0% ⊕ 0.044%p for
NA48/2 and σ(p)/p = 0.5%⊕ 0.009%p for NA62 (p in GeV/c). A scintillator hodoscope,
located after the spectrometer, sends fast trigger signals from charged particles and
measures their time with a resolution of 150 ps. The electromagnetic energy of particles is
measured by a liquid krypton calorimeter (LKr), a quasi-homogeneous ionisation chamber
with an active volume of 10 m3, 27X0 deep and segmented transversely into 13248 cells
(2 × 2 cm2 each). The energy resolution is σ(E)/E = 0.032/

√
E ⊕ 0.09/E ⊕ 0.0042 and

the spatial resolution in the transverse coordinates x and y for a single electromagnetic
shower is σx = σy = 0.42/

√
E ⊕ 0.06 cm (E in GeV). A muon detector, composed of

three planes of plastic scintillator strips, is used for muon identification. A beam pipe
traversing the centres of the detectors allows undecayed beam particles and muons from
decays of beam pions to continue their path in vacuum. A detailed description of the
detector setup can be found in [3].

3. – K±

µ3 form factors

3
.
1. Introduction. – The Kl3 decays provide the cleanest and most accurate way to

access the |Vus| element of CKM-matrix. They are described by two form factors f±(t),
functions of the 4-momentum transfer to the lepton system (t):

M =
GF

2
Vus

[

f+(t)(PK − Pπ)µūlγµ(1 − γ5)uν + f
−(t)mlūl(1 + γ5)uν

]

The form factor f−(t) can be measured with Kµ3 only (and not with Ke3 due to me ≪
MK). A linear combination of the two form factors can be defined: f0(t) = f+(t) +
tf−(t)/(m2

K −m2
π), with f+(0) = f0(0) by construction. f+(0) is not measurable directly

and the form factors are normalised to it: f̄+(t) = f+(t)/f+(0) and f̄0(t) = f0(t)/f+(0).
Various parametrisations of the form factors are discussed in subsect. 3

.
3.

3
.
2. Event selection and analysis. – In order to reconstruct the Kµ3 candidates, it

is required the presence of a single track with momentum above 10 GeV/c and with a
hit in the muon detector associated with it. The ratio of the energy deposit associated
with the track in LKr (E) and the measured momentum by the spectrometer (p) should
be E/p < 0.2, consistent with muon hypothesis(3). The two photons from π0 decays
are identified as clusters of deposited energy in LKr, away from any other activity in the
detector and not associated with tracks. The invariant mass of di-photon system (mγγ) is
calculated assuming a position of the decay vertex, defined by the closest approach of the
muon candidate to the nominal beam axis. It is required that |mγγ −mπ0 | < 10 MeV/c2.
The missing mass in K±

µ3 hypothesis m2
miss = (PK − Pµ − Pπ0

)2 should satisfy the

condition |m2
miss| < 10 MeV/c2. A cut in (Mπ±π0 , P t

π±
) space, where Mπ±π0 is the

invariant mass of the final state particles in π± hypothesis for the track and pt
π0 is the

transverse momentum of π0, is used to suppress the dominant K±

π±π0 background to 0.6%.

The background contribution from K±

π±π0π0 is 0.14%. The total amount of selected K±

µ3

candidates is 3.4 · 106.
The form factors parameters are extracted by a fit to the Dalitz plot, after background

subtraction and acceptance correction. The radiative effects are simulated according
to [4], changing the Dalitz plot slope by ∼ 1%.

(3) The notation E/p is used with the same meaning in all the other sections of the paper.
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3
.
3. Results. – Several parametrisations of the form factors has been studied. For the

pole parametrisation f̄+,0(t) = m2
V,S/(m2

V,S − t) which describes exchange of K∗ reso-

nances with spin-parity 1−(0+) and mass mV (mS), the following values for the free pa-
rameters were found: mV = 836±7stat±9syst MeV/c2; ms = 1210±25stat±10syst MeV/c2.
The parametrisation based on dispersive approach [5]:

f̄+(t) = exp

[

t

m2
π

(Λ+ + H(t))

]

, f̄0(t) = exp

[

t

∆Kπ

(lnC + G(t))

]

gives the following results for the free parameters: Λ+ = (28.5±0.6stat±0.7syst±0.5theor)·
10−3 and lnC = (188.8 ± 7.1stat ± 3.7syst ± 5.0th) · 10−3.

The slope parameters in the linear and quadratic expansion of the form factors in
terms of t:

f̄+,0(t) = 1 + λ+,0

t

m2
π

, f̄+,0(t) = 1 + λ′

+,0

t

m2
π

+
1

2
λ′′

+,0

(

t

m2
π

)2

,

are found to be: λ′

+ = (30.3±2.7stat±1.4syst)·10−3, λ′′

+ = (1.0±1.0stat±0.7syst)·10−3 and
λ0 = (15.6±1.2stat±0.9syst) ·10−3 (there is no sensitivity to λ′′

0). The above preliminary
results are very competitive with the measurements by other experiments and for the
first time use K+

µ3 decays.

4. – New results with K± → π±μ+μ−

.
The FCNC decay K± → π±μ+μ− (denoted K±

πµµ) is induced at 1-loop in SM and its
rate is dominated by long-distance contributions, involving one-photon exchange. During
the 2003–2004 run the experiment NA48/2 collected a sample of 3120 K±

πµµ decays, ∼ 4.5
times larger than the total world sample, which allowed form factor, rate and asymmetry
measurements with improved precision.

In the selection of this decay a presense of three tracks is required, forming a vertex
in the decay volume, with only one pion candidate with E/p < 0.8. The other two
tracks should carry opposite charges and be both consistent with the muon hypothesis
(associated hits in the muon detector and E/p < 0.2). The invariant mass of the final
state is required to be consistent with the nominal kaon mass within ±8 MeV/c2. The
main source of background is K± → π±π+π− (denoted K±

3π±
) with π → μ decay or

mis-identification. This background is estimated to be (3.3± 0.5stat ± 0.5syst)% from the
forbidden “wrong sign” evens π∓μ±μ±.

The K±

πµµ decay is sensitive to a single form factor W (z), where Z = (Mµµ/MK)2 [6].
The results within various models are summarised in table I: 1) Linear: W (z) =
GF M2

Kf0(1 + zδ); 2) NLO ChPT [7]; 3) combined framework of ChPT and large-Nc

QCD [8]; 4) ChPT parametrisation involving meson masses [9].
The branching ratio of K± → π±μ+μ− is measured to be (9.62± 0.21stat ± 0.11syst ±

0.07ext) · 10−8, where the external error is related to the precision of the branching frac-
tion of the normalisation mode K±

3π±
. Having a measurement for both kaon charges,

we put a limit on the charge asymmetry |∆(K±

πµµ)| < 2.9 × 10−2 at 90% CL. A new

limit on forward-backward asymmetry is set: |AFB| < 2.3 × 10−2 at 90% CL. Fi-
nally 52 “wrong sign” events are observed in the signal region with the expected back-
ground of (52.6 ± 19.8) estimated from MC simulation, leading to an upper limit of the
BR(K± → π∓μ±μ±) < 1.1 · 10−9 at 90% CL. Full details about the selection procedure,
the analysis technique and discussion of the above results can be found in [10].
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Table I. – The measured model parameters, their correlation coefficients, χ2/ndf of the fits, and

the model-independent BR.

Model (1) ρ(|f0|, δ) = −0.993 χ2/ndf = 12.0/15

|f0| = 0.470 ± 0.039stat. ± 0.006syst. ± 0.002ext. = 0.470 ± 0.040

δ = 3.11 ± 0.56stat. ± 0.11syst. = 3.11 ± 0.57

Model (2) ρ(a+, b+) = −0.976 χ2/ndf = 14.8/15

a+ = −0.575 ± 0.038stat. ± 0.006syst. ± 0.002ext. = −0.575 ± 0.039

b+ = −0.813 ± 0.142stat. ± 0.028syst. ± 0.005ext. = −0.813 ± 0.145

Model (3) ρ(w̃, β) = 0.999 χ2/ndf = 13.7/15

w̃ = 0.064 ± 0.014stat. ± 0.003syst. = 0.064 ± 0.014

β = 3.77 ± 0.61stat. ± 0.12syst. ± 0.02ext. = 3.77 ± 0.62

Model (4) ρ(Ma, Mρ) = 0.999 χ2/ndf = 15.4/15

Ma/(GeV/c2) = 0.993 ± 0.083stat. ± 0.016syst. ± 0.001ext. = 0.993 ± 0.085

Mρ/(GeV/c2) = 0.721 ± 0.027stat. ± 0.005syst. ± 0.001ext. = 0.721 ± 0.028

BR × 108 = 9.62 ± 0.21stat. ± 0.11syst. ± 0.07ext. = 9.62 ± 0.25

5. – Measurement of K± → π+π−e±ν branching fraction

5
.
1. Introduction. – The semileptonic K± → π+π−e±ν decay (denoted K+−

e4 ) is one
of the richest kaon decays, providing possibility for precise tests of ChPT. The hadronic
part of the matrix element can be described in terms of two axial (F and G) and one
vector (H) complex form factors [11]. Their expansions into partial s and p waves are
further developed in Taylor series in q2 = M2

ππ/4m2
π±

− 1 and M2
eν/4m2

π±
, where Mππ

and Meν are the invariant masses of the di-pion and di-lepton systems, respectively.
This allows to determine the form factor parameters from the experimental data: F =
Fse

iδs+Fp cos θπeiδp , G = Gpe
iδg , H = Hpe

iδh , where Fs = fs+f ′

sq
2+f ′′

s q4+f ′

eM
2
eν/4m2

π,
Fp = fp + f ′

pq
2, Gp = gp + g′pq

2, Hp = hp + h′

pq
2.

Recently NA48/2 published a precise measurement of the relative form factors of K+−

e4

decays (normalised to fs) and ππ–scattering lengths [12]. In order to access the absolute
form factors with high precision, a new measurement of the decay probability (which is
proportional to f2

s ) was performed by NA48/2.

5
.
2. K+−

e4 selection and background estimation. – Since the kaon flux is not measured,
the branching ratio of K+−

e4 is calculated by normalising to the most suitable decay:
K±

3π±
. It is not only topologically similar, but its branching ratio is known with rela-

tively good precision of 0.72% [13]. The selection procedures for the two decay modes
share significant common part, which allows to minimise various systematic effects. The
presence of three reconstructed tracks in the spectrometer forming a good vertex within
the decay volume is required. No hits in the muon detector should be associated with the
tracks. For K+−

e4 one of the tracks is required to be an electron candidate (E/p > 0.9).
Additional π-e separation is achieved by using a highly efficient linear discriminant vari-
able, which takes into account the shower shape and its relative position with respect to
the corresponding track. The two other tracks (opposite charges) are required to have
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E/p < 0.8 consistent with pion hypothesis. A cut in the (M3π, pt) space is used in order
to suppress the background from K±

3π±
, where M3π is the invariant mass of the three

tracks in pion hypothesis and pt is the transverse momentum of the system. Additional
cuts are applied against Kππ0π0 and Kππ0 with Dalitz decays of π0. Fixing the kaon
mass and the direction of the beam at their nominal values, the four-momentum conser-
vation leads to a quadratic equation for the kaon momentum pK due to the undetected
neutrino. If solution in the range (54-66) GeV/c exists, the event is kept and the closest
solution to the nominal beam momentum (60 GeV/c) is assigned to pK . The three tracks
in the K3π selection are required to have E/p < 0.8 and invariant mass consistent with
mK within ±12 MeV/c2.

A total of 1.11 · 106 events passes the full K+−

e4 selection (7.12 · 105 K+ and 3.97 · 105

K−). The number of selected K±

3π±
decays for normalisation is 1.9 · 109.

The main source of background in K+−

e4 sample is coming from K±

3π±
decays with

a pion misidentified as an electron, or with π → e decay. Since the K± → e∓π±π±

decay is suppressed by a factor of 10−10 due to ∆S = ∆Q rule, counting these “wrong
sign” events gives direct access to the expected K±

3π±
contamination (divided by 2) in

K+−

e4 sample. With the described selection, the background is at the level of 0.95%.
This estimation is confirmed by Monte Carlo simulation with 15% precision. The other
components of the background are negligible.

5
.
3. Branching ratio calculation, systematic uncertainties and results. – The branching

ratio of K+−

e4 is calculated as

BR(K+−

e4 ) =
NKe4

− 2 · NWS

NK3π

· AK3π

AKe4

· ǫK3π

ǫKe4

· BR(K3π) ,

where NKe4
and NK3π

are the number of selected signal and normalisation candidates,
and NWS is the number of “wrong sign” events. The acceptances for both modes
AKe4

= 18.22% and AK3π
= 24.18% are calculated using the detailed MC simulation

of the experimental setup, based on Geant3. The trigger efficiencies for both modes are
measured on control samples and found to be ǫKe4

= 98.3% and ǫK3π
= 97.5%. Finally

BR(K3π) = (5.59 ± 0.04)% is the branching ratio of K±

3π±
decay mode [13], determinig

the external error of the result.

The following relative systematic uncertainties for BR(K+−

e4 ) are considered: 0.18%
from acceptance estimation and beam geometry; 0.16% from the performance of the muon
vetoing; 0.15% from accidental activity in the detectors; 0.14% from the background
estimation; 0.09% from particle identification; 0.08% from the simulation of the radiative
effects. The total relative systematic error is 0.35%.

The preliminary result on the total data set is BR(K+−

e4 ) = (4.279 ± 0.004stat ±
0.005trig ± 0.015syst ± 0.031ext) · 10−5 = (4.279 ± 0.035) · 10−5 (including the radiative
K+−

e4 decays). The trigger error is related to the limited control sample used for efficiency
measurement. The total error is three times smaller than the current world average [13].
The branching ratios for both positive and negative kaons are compatible: BR(K+

e4) =
(4.277±0.009) ·10−5 and BR(K−

e4) = (4.283±0.012) ·10−5 (only the combined statistical
and trigger error is quoted). This is the first measurement performed for negative kaons.
The ratio of the decay probabilities for K+−

e4 and K3π is (7.654 ± 0.030) · 10−4, where
the quoted total error is 5 times smaller than the world average. An estimation of the
absolute form factors using the new branching fraction measurement is in progress.
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6. – Lepton flavour violation test with NA62

6
.
1. Introduction. – The ratio of kaon leptonic decay rates RK = Γ(K±

e2)/Γ(K±

µ2) is
known in the SM with excellent precision due to cancellation of the hadronic effects:

RSM
K = (me/mµ)2(

m2
K−m2

e

m2
K
−m2

µ

)2(1 + δRQED) = (2.477 ± 0.001) × 10−5 [14], where δQED =

(−3.78±0.04)% is a correction due to the inner bremsstrahlung (IB) Kl2γ process which
is included by definition into RK(4). Being helicity suppressed due to V −A structure of
the charged weak current, RK is sensitive to non-SM effects. In particular MSSM allows
non-vanishing e−τ mixing, mediated by H+, which can lead to few percent enhancement
of RK [15].

The present world average of RK = (2.493±0.031)×10−5 is dominated by the recent
KLOE final result [16]. The NA62 experiment collected data during 2007 and 2008
aiming to reach accuracy of ∼ 0.4%. The final result on partial data set is presented
here.

6
.
2. Analysis strategy . – Due to the topological similarity of Ke2 and Kµ2 decays a

large part of the selection conditions are common for both decays. We require the pres-
ence of single reconstructed charged track with momentum 13GeV/c < p < 65 GeV/c
(the lower limit is due to the 10 GeV LKr energy deposit requirement in Ke2 trigger).
The track extrapolated to DCH, LKr and HOD should be within their geometrical ac-
ceptances. The CDA between the charged track and the nominal kaon beam axis should
be less than 1.5 cm. The event is rejected if a cluster in the LKr with energy larger than
2 GeV and not associated with track is present, in order to suppress the background from
other kaon decays.

A kinematical separation between Ke2 and Kµ2 for low track momenta is possible,
based on the reconstructed missing mass, assuming the track to be an electron or a muon:
M2

miss(l) = (PK −Pl)
2, where Pl (l = e, μ) is the four-momentum of the lepton. Since the

kaon four-momentum PK is not measured directly in every event, its average is monitored
in each SPS spill with fully reconstructed K± → 3π± decays. A cut M2

1 < M2
miss(e) <

M2
2 is applied to select Ke2 candidates, and M2

1 < M2
miss(μ) < M2

2 for Kµ2 ones, where
M2

1 and M2
2 vary from 0.010 to 0.016 (GeV/c2)2 for different track momenta, depending

on Mmiss resolution. Particle identification is based on the ratio E/p. Particles with
0.95 < E/p < 1.1 for p > 25 GeV/c and 0.90 < E/p < 1.1 otherwise(5), are identified as
electrons, while particles with E/p < 0.85 as muons.

The analysis is based on counting the number of reconstructed Ke2 and Kµ2 candi-
dates with the selection described above. Since the decays are collected simultaneously,
the result does not depend on kaon flux measurement and the systematic effects due
to the detector efficiency cancel to first order. To take into account the momentum
dependence of signal acceptance and background level, the measurement is performed
independently in bins of reconstructed lepton momentum. The ratio RK in each bin is
computed as

(1) RK =
1

D
.
N(Ke2) − NB(Ke2)

N(Kµ2) − NB(Kµ2)
.
fµ × A(Kµ2) × ǫ(Kµ2)

fe × A(Ke2) × ǫ(Ke2)
.

1

fLKr

,

(4) Unlike the structure dependent (SD) Kl2γ .
(5) The background to Ke2 is concentrated in the region p > 25 GeV/c, hence the need of
tighter electron ID.
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Fig. 1. – M2
miss(e) distributions for Ke2 candidates and for various backgrounds.

where N(Kl2) are the numbers of selected Kl2 candidates (l = e, μ), NB(Kl2) are numbers
of background events, fl are efficiencies of electron and muon identification criteria,
A(Kl2) are geometrical acceptances, ǫ(Kl2) are trigger efficiencies, fLKr is the global
efficiency of the LKr readout, and D = 150 is the downscaling factor of the Kµ2 trigger. In
order to compute A(Kl2), a detailed Geant3-based Monte-Carlo simulation is employed.

6
.
3. Backgrounds. – NB(Ke2) in (1) is dominated by Kµ2 events with track misiden-

tified as electron, mainly in case of high energetic bremsstrahlung after the magnetic
spectrometer, when the photon takes more than 95% of muon’s energy. The probability
for such process is measured directly by clean sample of muons passing ∼ 10X0 of lead
(Pb) before hitting the LKr. A Geant4 simulation is used to evaluate the Pb correction
to the probability for muon misidentification which occurs via two principal mechanisms:
1) muon energy loss in Pb by ionisation, dominating at low momenta; 2) bremsstrahlung
in the last radiation lengths of Pb increasing the probability for high track momenta.
The background is evaluated to be (6.11 ± 0.22)%.

Since the incoming kaon track is not measured and the signature of Kl2 decays is a
single reconstructed track, the background from beam halo should be considered. The
performance of the muon sweeping system results in lower background in K+

e2 sample
(∼ 1%) than in K−

e2 sample (∼ 20%), therefore ∼ 90% of data were collected with the
K+ beam only, and small fractions were recorded with simultaneous beams and K−

beam only. The halo background in K+
e2 was measured to be (1.16 ± 0.06)% from data,

collected without K+ beam.

The other backgrounds considered are: (0.27 ± 0.04)% from Kµ2 with subsequent
μ → e decay(6); (1.07 ± 0.05)% from Ke2γ(SD)(7); 0.05% for both Ke3 and K2π decays.

The number of Ke2 candidates is 59813 before background subtraction. The M2
miss(e)

distribution of data events and backgrounds are presented in fig. 1.

(6) This background is suppressed according to Michel distribution, as muons from Kµ2 decays
are fully polarised.
(7) The recent KLOE measurement [16] is used for this estimation.
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Fig. 2. – RK measurement in lepton momentum bins. The shaded area indicates the average
RK and its total uncertainty.

6
.
4. Systematic uncertainties and results. – The electron identification efficiency is

measured directly as a function of track momentum and its impact point at LKr using
electrons from Ke3 decays. The average fe is (99.27 ± 0.05)% (fµ is negligible). The
geometric acceptance correction A(Kµ2)/A(Ke2) is known with permille precision and
depends on the radiative Ke2γ(IB) decays, simulated following [17] with higher order
corrections according to [18]. The trigger efficiency correction ǫ(Ke2)/ǫ(Kµ2) ≈ 99.6% is
significant only in the first analysis bin 13 < p < 20 GeV/c and accounts for the difference
in the trigger conditions, namely the requirement of E > 10 GeV energy deposited in
LKr for Ke2 only. Additional small systematic uncertainty arises due to the global LKr
readout efficiency, measured to be (99.80 ± 0.01)%.

The independent measurements of RK in track momentum bins are presented in
fig. 2. The final NA62 result, based on 40% of the accumulated statistics is RK =
(2.487 ± 0.011stat ± 0.007syst) × 10−5 = (2.487 ± 0.013) × 10−5, consistent with SM
expectation. The analysis of the whole data set will allow to reach uncertainty of 0.4%.
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Summary. — The KLOE-2 experiment is going to start a new data taking cam-
paign at the upgraded DAΦNE collider. Highlights on the main physics results
of KLOE will be presented, followed by present and future detector upgrades and
estimates of their impact on the physics program.

PACS 03.65.Yz – Decoherence; open systems; quantum statistical methods.
PACS 12.15.Hh – Determination of Cabibbo-Kobayashi & Maskawa (CKM) matrix
elements.
PACS 13.20.-v – Leptonic, semileptonic, and radiative decays of mesons.

1. – Introduction

The KLOE experiment has taken data at the Frascati φ factory DAΦNE, an e+ e−

collider running at
√

s ∼ 1020 MeV (φ mass) with beams colliding with a crossing angle of

(π−0.025) rad. KLOE is a multipurpose detector, mainly consisting of a large cylindrical

drift chamber with an inner radius of 25 cm and an outer radius of 2 m, surrounded by

a lead-scintillating fibers electromagnetic calorimeter. Both are immersed in the 0.52 T

field of a superconducting solenoid. Peculiar to KLOE is the spherical, 10 cm radius,

beam pipe which allows K0
S mesons produced in φ decays to move in vacuum before

decaying. Details of the detector can be found in refs. [1-5]. From 2000 to 2006, KLOE

has acquired 2.5 fb−1 of data at the φ(1020) peak, plus additional 250 pb−1 off the φ
peak, mostly at 1000 MeV.

The φ meson predominantly decays into charged and neutral kaons, thus allowing

KLOE to make precision studies in the fields of flavor physics and low energy QCD. The

latter can also be addressed using φ meson radiative decays into scalar or pseudoscalar

particles. Test of discrete symmetries conservation can be performed using several dif-

ferent methods. More details can be found in ref. [6]. Some of the main KLOE physics

(∗) E-mail: salvatore.fiore@roma1.infn.it

c© Società Italiana di Fisica 265
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results will be discussed in the following, and their possible improvements thanks to the

new KLOE-2 run with detector upgrades will be discussed [7].

2. – CKM Unitarity and lepton universality

Purely leptonic and semileptonic decays of K mesons (K → ℓν, K → πℓν, ℓ = e, μ) are

mediated in the Standard Model (SM) by tree-level W-boson exchange. Gauge coupling

universality and three-generation quark mixing imply that semileptonic processes such

as di → ujℓν are governed by the effective Fermi constant Gij = GµVij , where Gµ is

the muon decay constant, and Vij are the elements of the unitary Cabibbo-Kobayashi

Maskawa (CKM) matrix. This implies the universality relations: i) in the SM the effective

semileptonic constant Gij does not depend on the lepton flavor (lepton universality);

ii) if one extracts Vij from different semileptonic transitions assuming quark-lepton gauge

universality (i.e. normalizing the decay rates with Gµ), the CKM unitarity condition∑
j |Vij |2 = 1 should be verified.

Precision tests of the universality relations probe physics beyond the SM and are

sensitive to several SM extensions [8-11]. After four years of data analysis, KLOE has

produced the most comprehensive set of results from a single experiment, measuring

the main BRs of KL [12], K± [13-15] and KS [16, 17] (unique to KLOE), including

semileptonic and two-body decays; lifetime measurements for KL [18] and K± [19]; form

factor slopes from the analysis of KLe3 [20] and KLμ3 [21,22]. A value of |Vus|×f+(0) =

0.2157(6) has been obtained [23] using the KS lifetime from PDG [24] as the only non-

KLOE input, since at that time the new KLOE measurement of KS lifetime [25] was

not published. This result is compatible with the world-averaged value, with the same

precision. These data together with the value of |Vus|/|Vud| from the KLOE measurement

of the K± → μ±ν(γ) branching ratio [14] and the extraction of |Vud| from superallowed

nuclear β decays, provide the basis for testing the unitarity of the quark-flavor mixing

matrix: 1 − |Vud|2 − |Vus|2 = 9(8) × 10−4 [23]. Both more statistics and improvements

on signal selection are needed to improve the related lifetimes and branching ratios

measurements, and reach better sensitivity on unitarity tests.

3. – CPT symmetry and quantum mechanics

A unique feature of the φ-factory is the production of neutral kaon pairs in a pure

quantum state. This state exhibits maximal entanglement which has been observed in

the φ → KSKL → π+π−π+π− [26] by the KLOE collaboration in year 2005. Since

then, more data (a total of 1.7 fb−1) and improvements in the analysis procedure have

brought to the results on several decoherence and CPT -violating parameters. Different

hypotheses on decoherence and CPT -violating phenomena are expressed by different

modifications of the function:

I(π+π−, π+π−; ∆t) ∝ e−ΓL∆t + e−ΓS∆t − 2e−
(ΓS+ΓL)

2
∆t cos(∆m∆t) ,

where ∆t is the absolute value of the time difference of the two π+π− decays. The

modified expressions have been then used to obtain the best values of the QM- and

CPT -violating parameters (ζKSKL
, ζK0K̄0 , γ, ℜω, ℑω, ∆aX , ∆aY , ∆aZ) [26, 27]. In

general all decoherence effects show a deviation from the quantum mechanical prediction

I(π+π−, π+π−; ∆t = 0) = 0. Hence the reconstruction of events in the region ∆t ≈ 0,
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i.e., with vertices close to the IP, is crucial for precise determination of the parameters

related to CPT violation and to decoherence.

4. – Low-energy QCD

4
.
1. KS → γγ. – A precise measurement of the KS → γγ decay rate is an important

test of Chiral Perturbation Theory (ChPT) predictions. The decay amplitude of KS →
γγ has been evaluated at leading order of ChPT [28], O(p4), providing a precise estimate

of B(KS → γγ) = 2.1 × 10−6, with 3% uncertainty. This estimate is ∼ 30% lower with

respect to the latest determination from NA48 [29], thus suggesting relevant contributions

from higher order corrections. KLOE measured the KS → γγ rate using 1.9 fb−1 of

integrated luminosity, obtaining [30]

(1) B(KS → γγ) = (2.26 ± 0.12stat ± 0.06syst) × 10−6 ,

which differs by 3σ from the previous best determination. Our result is also consistent

with O(p4) ChPT prediction. The background composition is dominated by KS → 2π0,

with two photons pointing the beam pipe region being undetected by the EMC.

4
.
2. η pseudoscalar meson. – CP violation in flavor-conserving processes can be tested

in the η decays to final states that are, as in the KL case: η → ππ, η → π0e+e−

and η → π+π−e+e− decay. In the latter, CP violation could manifest in the angular

asymmetry between the π+π− and e+e− decay planes. The η → π+π−e+e− decay has

been studied with KLOE [31], which measured an asymmetry Aφ in the angle between

the ππ and ee decay planes consistent with zero with 3% accuracy, while theoretical

predictions allow this quantity to be up to 2%. The largest contribution to the uncertainty

of this measurement comes from the statistical error.

5. – γγ physics: a challenge for KLOE-2

The term “γγ physics” (or “two-photon physics”) stands for the study of the reaction

e+e− → e+e−γ∗γ∗ → e+e− + X ,

where X is some arbitrary final state with JPC = 0±+, 2±+, not directly coupled to one

photon (JPC = 1−−) [32]. The cross section of these processes, of O(α4), depends on

the logarithm of the center of mass energy
√

s, so that, for
√

s greater than a few GeV

they dominate hadronic production at e+e− colliders. The cross section σ(γγ → X) was

studied at e+e− colliders, from PETRA to CESR to LEP, over the years. However, the

experimental situation in the low-energy region, mπ ≤ Wγγ ≤ 700 MeV, [33] is unsatis-

factory since it is affected by large statistical and systematic uncertainties, due to small

data samples and large background contributions, very small detection efficiency and

particle identification ambiguities for low-mass hadronic systems. Recently the KLOE

collaboration started γγ physics analysis, using its off-peak data sample. In fact, a huge

source of background while running on the peak of the φ resonance, comes from φ de-

cays, so that we need to perform background suppression adding the information coming

from a tagger system with an efficient detection of scattered electrons. Figure 1 shows

the flux function multiplied by an integrated luminosity Lee = 1 fb−1, as a function of

the γγ invariant mass for three different center-of-mass energies. This plot demonstrates
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Fig. 1. – Differential γγ flux function as a function of the center-of-mass energy.

the feasibility of the detection of the final states π+π−, π0π0, π0η whose cross-sections

are of the order of or larger than 1 nb [34-38], and the identification of the resonances

produced in these channels, among which the controversial σ meson. Single pseudoscalar

(X = π0, η or η′) production is also accessible and would improve the determination of

the two-photon decay widths of these mesons, relevant for the measurement of the tran-

sition form factors FXγ∗γ∗(q2
1 , q2

2) as a function of the momentum of the virtual photons,

q2
1 and q2

2 . The interest in such form factors is rising in connection with the theoretical

evaluation of the hadronic light-by-light contribution to the muon magnetic anomaly.

6. – KLOE-2 detector upgrades

During year 2008 the Accelerator Division of the Frascati Laboratory has tested a new

interaction scheme on the DAΦNE φ-factory collider, with the goal of reaching a peak

luminosity of 5 × 1032 cm−2 s−1, a factor of three larger than what previously obtained.

The test has been successful [39,40], and the commissioning of DAΦNE for the approved

KLOE-2 run [41] has started in 2011. For this new run [42], upgrades have also been

proposed and realized for the detector.

A tagging system has been installed along the beam line to detect the scattered

electrons/positrons from γγ interactions. The electron tagger is essential to study γγ
physics while running at

√
s = Mφ, in order to reduce the large background from φ

decays. Leptons from γγ interactions, with E < 510 MeV, follow a path through the

machine optics different from the orbit of the circulating beams. For this reason we

have built two different detectors in different regions on both sides of the interaction

point (IP): the Low Energy Tagger (LET) to detect leptons with energy between 150

and 400 MeV and the High Energy Tagger (HET) for those with energy greater than

420 MeV.

The LET region is one meter from the IP, inside the KLOE-2 magnetic field. In this

region the correlation between the energy and the position of the leptons is weak. For

this reason the LET detector is made by two LYSO crystal calorimeters, read out by

Silicon Photomultipliers able to measure the electron/positron energy with a resolution
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better than 10% over the range [150–400] MeV [43]. The LET has been installed in June

2010, and after a commissioning phase is ready to take data.

The HET detector consists in a couple of hodoscopes, located just at the exit of

each of the first bending dipoles after the interaction point. Each hodoscope is made of

plastic scintillators read out by photomultipliers [44]. In this position the off-momentum

electrons or positrons escaping from the beam-pipe show a clear correlation between

energy and deviation from the nominal orbit. Therefore the energy of the particles can

be obtained from the measurement of the displacement with respect to the machine orbit

using a position detector. The beam pipe has been modified on this pourpose and is ready

to host two HET stations, which are going to be installed before the end of 2011.

In a second phase, three additional detectors will be added to KLOE-2. A light-

material internal tracker (IT) will be installed in the region between the beam pipe and

the drift chamber inner wall to improve charged vertex resolution by a factor ≈ 3, and to

increase the acceptance for low pT tracks [45]. It will be made of four coaxial cylindrical

layers, each of them being a Triple-GEM foil detector. This allows the detector to have

a total thickness of 0.015 radiation lengths. The IT will be the first cylindrical GEM

detector ever built, and required a long dedicated R&D study [46]. Crystal calorimeters

(CCALT) will cover the low θ-angle region, aiming at increasing acceptance for very

forward electrons and photons down to 8◦. These calorimeters will be made of LYSO

crystals read out by Silicon Photomultipliers, exploiting the technological development

already done for the LET [47]. A new tile calorimeter (QCALT) will be used to instru-

ment the DAΦNE focusing system for the detection of photons coming from KL decays

in the drift chamber. This calorimeter will cover the beam pipe and quadrupoles with a

sampling structure of Tungsten and scintillating tiles [48]. Implementation of the second

phase is planned for the year 2012. The total integrated luminosity collected by KLOE-2

at the end of the two phases, from here on referred as step-0 and step-1, will be 5 fb−1

and 20 fb−1, respectively.

7. – Improving KLOE physics results with KLOE-2

7
.
1. CKM Unitarity and lepton universality. – KLOE-2 can significantly improve the

accuracy on the measurement of KL, K± lifetimes and KSe3 branching ratio with respect

to present world average [49] with data from KLOE-2/step-0. The present 0.23% frac-

tional uncertainty on |Vus|×f+(0) can be reduced to 0.14% using KLOE present data set

together with the KLOE-2/step-0 statistics. The world-average uncertainties on phase

space integrals and KL semileptonic BRs [49] have been used in table I to summarize the

expected accuracy on |Vus|×f+(0) for each decay mode and with the contributions from

branching ratio, lifetime, SU(2)-breaking and long-distance EM corrections, and phase

space integral. Statistical uncertainties on the measurement of BRs and lifetimes have

been obtained scaling to the total sample of 7.5 fb−1 of integrated luminosity available

at the completion of KLOE-2/step-0. The estimate of systematic errors is rather con-

servative, being based on KLOE published analyses without including any improvement

from the detector upgrade.

7
.
2. CPT symmetry and quantum mechanics. – As already stated, the vertex res-

olution for KS decays affects the I(π+π−, π+π−; ∆t) distribution both reducing the

sensitivity of the fit and introducing systematic uncertainties, as shown in fig. 2. The

improvement on vertex resolution made through the insertion of the IT will lead to an

increase of the experimental sensitivity on the decoherence parameters by a factor of two.
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Table I. – KLOE-2/step-0 prospects on |Vus| × f+(0) extracted from Kl3 decay rates; the frac-

tional accuracy on partial contributions from branching fraction (B), lifetime (τ), SU(2) and

EM corrections (δ) and phase-space integral (IKl) are also shown.

Mode δ|Vus| × f+(0) (%) B τ δ IKl

KLe3 0.21 0.09 0.13 0.11 0.09

KLµ3 0.25 0.10 0.13 0.11 0.15

KSe3 0.33 0.30 0.03 0.11 0.09

K±e3 0.37 0.25 0.05 0.25 0.09

K±µ3 0.40 0.27 0.05 0.25 0.15

7
.
3. KS → γγ. – KLOE-2 will improve both sample statistics and data quality, the

latter thanks to the CCALT crystal calorimeters, that will increase the rejection of KS

→ π0π0 with photons at low polar angle. The KLOE-2 measurement can clarify the

disagreement between KLOE and NA48 [50,51] and help settling the O(p6) contributions

to the amplitude A(KL → π0γγ), related by chiral symmetry to the KS → γγ terms

only [52].

7
.
4. η pseudoscalar meson. – The η → π+π−e+e− decay plane asymmetry mea-

surement by KLOE is limited by the statistical uncertainties. In KLOE the minimal

transverse momentum of reconstructed tracks, PTmin
, is 23 MeV. It limits the selection

efficiency to ∼ 8%. The installation of the inner tracker, in the second phase of the

KLOE-2 experiment, would reduce PTmin
to 16 MeV improving at the same time the

tracking resolution [31]. With a sample of 20 fb−1 and the acceptance increase, KLOE-2

could measure the asymmetry Aφ with a statistical precision better than 1%.

Fig. 2. – Monte Carlo simulation of the I(π+π−, π+π−;∆t) as a function of |∆t| (in τS units)
with the present KLOE resolution σ∆t ≈ τS (histogram with large bins), with an improved
resolution σ∆t ≈ 0.3τS (histogram with small bins), and in the ideal case (solid line).
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Summary. — This note gives updates on three results from the Fermilab Tevatron
pp̄ collider operating at

√
s = 1.96 TeV. The results presented include: the D0

dimuon charge asymmetry; the measurement of the CP -violating phase φs in the
decay Bs → J/ψφ from both CDF and D0; and the most recent results from both
CDF and D0 on the search for the ultra-rare decay Bs → µ+µ−.

PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.
PACS 13.20.He – Leptonic, semileptonic, and radiative decays of mesons: Decays
of bottom mesons.
PACS 13.25.Hw – Hadronic decays of mesons: Decays of bottom mesons.

1. – Introduction

CP violation was first observed in the K0/K0 system in 1964 [1]. In 1967 Andrei
Sakharov showed that CP violation is a necessary ingredient in the generation of the
matter-antimatter asymmetry of the universe [2]. In the standard model (SM), CP
violation arises from the complex phase in the CKM matrix, but the amount of CP
violation from this source is too small by many orders of magnitude to account for the
observed asymmetry. So we have a long-standing puzzle as to the origin of the missing
CP violation.

Neutral mesons such as K0, D0, B0
d and B0

s can mix through double W-exchange
(the “box diagram”), as shown in fig. 1. Asymmetric mixing , which is both CP and
T violating, occurs when the rate of (for example) Bs → Bs is not equal to the rate
Bs → Bs. The solution to the time-dependent Schroedinger equation in this case yields
two mass eigenstates which are not CP eigenstates and which have different masses
(usually referred to as “heavy” and “light”) and different lifetimes. CP violation can also
arise from interference of the decay and mixing amplitudes through phases, or directly
through the decay amplitudes.

The neutral Kaon system has been well studied for many years, and the Bd system
has been extensively studied at the B-factories, resulting in stringent constraints on the

c© Società Italiana di Fisica 273
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Fig. 1. – Box diagram for Bs mixing.

CKM matrix elements and therefore on CP -violating parameters in the Bs system. Any
deviation from the SM expectations would be an indication of new physics.

The physics parameters related to Bs mixing are: ∆ms, the mass difference between
the light and heavy eigenstates (well-measured by CDF to be 17.77± 0.12 ps−1 [3]); ∆Γ,
the lifetime difference between the light and heavy eigenstates; and φs, the phase between
the decay and mixing amplitudes. The SM expectation for ∆Γ is 0.096 ± 0.0014, and
the SM expectation for φs is 0.0042 ± 0.0014. The small expected value of φs makes
its measurement especially interesting in the search for new physics. One can write
φs = φSM

s + φNP
s , where SM refers to the standard model contribution, and NP refers

to a possible new phenomena contribution.

The decay Bs → J/ψφ can occur directly, or the Bs meson could first mix and then
decay: Bs → Bs → J/ψφ. Interference between these two processes is characterized
by the phase βs which in the SM is related to the CKM matrix elements by βSM

s =
arg[−VtsV

∗

tb/VcsV
∗

cb]. The SM expectation for this quantity is small, with βSM
s = 0.038±

0.002. Note that D0 uses the quantity φ
J/ψφ
s = −2βs. If new physics enters Bs mixing

and Bs → J/ψφ the same way, we would have φ
J/ψφ
s = −2βs +φNP

s , with φNP
s the same

for Bs mixing and for Bs → J/ψφ.

Decays which are heavily suppressed in the SM are another excellent place to search
for new physics. The decay Bs → µµ is highly suppressed in the SM since it is a flavor
changing neutral current which is also helicity suppressed. Many scenarios of physics
beyond the SM, in particular Supersymmetry, produce enhancements of this process by
large factors, which makes this rare decay a promising place to search for new processes.

2. – Dimuon charge asymmetry

The D0 collaboration has measured the like-sign dimuon charge asymmetry from B
decays, defined as

Ab
sl =

N++

b − N−−

b

N++

b + N−−

b

,

where N++

b (N−−) refers to the number of events from B/B meson decays with two

positive (negative) muons. B/B meson decays can lead to muons of the same charge if
one of the mesons mixes and they both undergo semileptonic decays to muons. Only if
the rate of B → B is not equal to the rate of B → B will Ab

sl be nonzero. Therefore this
asymmetry directly measures CP -violating effects. The SM expectation for this quantity
is Ab

sl(SM) = (−2.8+0.5
−0.6) × 10−4, below the sensitivity of the D0 experiment.



CP VIOLATION AND RARE Bs DECAYS AT THE TEVATRON 275

0

2000

4000

6000

x 10 2

0.98 1 1.02 1.04 1.06

M(K
+
K

-
) [GeV]

E
n

tr
ie

s/
2
 M

e
V

(a)DØ, 6.1 fb
-1

χ
2
/dof = 64/27

0

5000

10000

15000

0.98 1 1.02 1.04 1.06

M(K
+
K

-
) [GeV]

E
n

tr
ie

s/
2
 M

e
V

(b)DØ, 6.1 fb
-1

χ
2
/dof = 22/35

0

0.02

0.04

0.06

0.08

5 10 15 20 25

p
T
(K) [GeV]

a
K

 c
o
m

b
in

e
d

DØ, 6.1 fb
-1

Fig. 2. – K+K− mass distributions. (a) The sum of K+ → µ+ and K− → µ−, with the φ peak
clearly visible. (b) The difference K+ → µ+−K− → µ−. The excess of positive muons is due to
the larger interaction cross section for K−, resulting in an overall charge asymmetry. The right
plot shows the combined K asymmetry as determined from φ → KK and K0∗ → Kπ decays.

D0 also measures the single-muon charge asymmetry ab
sl, defined as

ab
sl =

Γ(B → µ+X) − Γ(B → µ−X)

Γ(B → µ+X) + Γ(B → µ−X)
,

which can be shown to be equal to Ab
sl. There are thus two independent measurements

of the same quantity. The final result will take advantage of the fact that many of
the systematic errors of these two measurements are highly correlated, allowing some
cancellation.

In this measurement, no distinction is made between Bd and Bs mesons, so the
measured quantity is a linear combination of the asymmetries from Bd (ad

sl) and Bs

(as
sl). The coefficients of the linear combination are known from other measurements

at B factories and at the Tevatron. The analysis selects well-identified muons to define
the inclusive muon sample (1.5× 109 events) and the like-sign dimuon sample (3.7× 106

events). The data sample corresponds to 6.1 fb−1 of recorded luminosity.
After initial selection, corrections are made for backgrounds from hadrons that fake

muons and for detector-related asymmetries. These corrections are determined almost
completely from the data. Then corrections are made for non-B contributions and non-
oscillating contributions to the inclusive and dimuon samples. The final step uses the
two independent measurements of Ab

sl to cancel some systematics.
The most significant source of background is due to K → µν decays which have an

asymmetry due to the larger cross section for K− interactions in matter compared to
K+. Processes such as K−p → Λπ0 are possible for the K− but not K+. Therefore more
K− mesons interact with the detector material and do not survive long enough to decay,
leading to a significant positive charge asymmetry that must be measured and corrected
for. This background is measured from the data in two ways: from φ → KK and from



276 M. D. CORCORAN for the CDF and D0 COLLABORATIONS

0

0.002

0.004

0.006

0 0.5 1 1.5

α

A
b sl
 u

n
c
e
r
ta

in
ty Total uncertainty

Statistical uncertainty
Systematic uncertainty

DØ, 6.1 fb
-1

d
sl

a

s sl
a

68%

95%

99% C.L.

 -1DØ, 6.1 fb

 

 

 

 

 

 b

  sl
DØ A
Standard Model
B Factory W.A.

 Xµ sD→  sDØ B
Preliminary
Combination

-0.04 -0.03 -0.02 -0.01 0 0.01

-0.03

-0.02

-0.01

0

0.01

Fig. 3. – The left plot shows the error on Ab
sl as a function of the combination parameter α.

The value of α is chosen to minimize the overall error. The right figure shows the two-dimensional
plot of the semileptonic charge asymmetries ad

sl vs. as
sl. The diagonal band is the result of this

measurement. The vertical band is the world average measurement of ad
sl from B-factories.

The horizontal band is an independent measurement of as
sl from D0. The solid circle is the

combination of these three measurements, and the square point is the SM expectation.

K0∗ → Kπ. Figure 2 shows the φ → KK signal for events in which one of the K’s has
faked a muon. The top-left plot (a) shows the sum of positive and negative muons, while
the bottom-left plot (b) shows the difference of positive and negative muons. There is a
significant asymmetry as expected. The K asymmetry is also measured using K∗ → Kπ,
yielding consistent results. The right plot in fig. 2 shows the overall K asymmetry as
determined from both decay modes. There are also fake muons from π decay and proton
punchthrough. These asymmetries are measured using Ks → ππ and Λ → pπ and are
much smaller than the K asymmetry.

In addition to the asymmetry from K → µ decays, the fraction of muons due to K
decay must be determined. This fraction is determined from the data using K∗ decays.
Then Monte Carlo ratios of K/π and K/p are used to determine the π and proton fraction
of fake muons.

An important feature of the D0 detector is the periodic changing of the magnet
polarities for both the solenoid and toroid. Detector-related asymmetries are nearly
completely canceled out when the different magnet polarities are combined. Any residual
asymmetries are measured from J/ψ → µµ decays and corrected for.

The final result is obtained by combining the uncorrected asymmetries A (from the
dimuon sample) and a (from the inclusive muon sample) A′ = A − αa, where α is a pa-
rameter which is varied to minimize the final error. Figure 3 shows the total uncertainty
as a function of the parameter α. The result is Ab

sl = [−0.957±0.251(stat)±0.146(syst)]%

while the SM expectation is Ab
sl(SM) = [0.023+0.005

−0.006]%. Figure 3 also shows the final

result plotted in the ad
sl vs. as

sl plane along with the world average results for ad
sl from

the B factories and as
sl from the D0 measurement of Bs → DsµX. The SM expectation

is shown as the square point, and the solid dot is the combination of the three measure-
ments. This result has a 3.2 standard deviation discrepancy with the SM expectation.
Many cross checks have been carried out and are detailed in the publications [4]. An
update of this result with more data, improved background determinations, and varying
impact parameter bins is underway.
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Fig. 4. – The left plot shows the µµKK mass distribution for events entering into the fit. The
right plot shows the lifetime distribution.

3. – Bs → J/ψφ

The decay Bs → J/ψφ is of special interest since previously a CDF/D0 combination

showed a 2.1 σ discrepancy with the SM for the phase φ
J/ψφ
s ≈ −2βs [5]. CDF and D0

both have recent updates to this analysis. This decay is complicated since it is a scalar
meson decaying into two vector particles. The final state particles are detected in the
decays J/ψ → µµ and φ → KK. The relative orbital angular momentum of the J/ψ
and φ can take on values l = 0, 1, 2, and therefore decay is described by three complex
amplitudes. The fits to the lifetime distributions require of order 30 parameters including
background, so care must be taken to ensure stability. Both experiments do unbinned
maximum-likelihood fits. The recent CDF result [6] is based on 5.2 fb−1 of integrated
luminosity. Figure 4 shows the mass and lifetime distributions for events entering into
the fit. As can be seen in the figure, the fit includes both heavy and light eigenstates
with different lifetimes. The two-dimensional likelihood contours of the phase βs vs. the
lifetime difference between the two mass eigenstates, ∆Γ, are shown in fig. 5 along with
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the one-dimensional projection of βs. The SM expectation is shown as the black point.
The CDF result agrees with the SM within one standard deviation.

D0 also has presented a new preliminary result for this decay mode [7]. The analysis
technique is similar to CDF’s, with a maximum-likelihood fit being done to about 30
parameters. Figure 6 shows the D0 mass and lifetime distributions with the fit results.
The D0 fits have constrained the strong phases δ1 and δ2 to values near the B0 →
J/ψK∗ values measured by B-factories. Gronau and Rosner [8] have argued that the
strong phases should be similar for Bs and Bd decays. The D0 result for the two-

dimensional likelihood contours for φ
J/ψφ
s vs. ∆Γ and the one-dimensional projection for

φ
J/ψφ
s are shown in fig. 7. The 68% and 95% CL bands from the same-sign dimuon charge

asymmetry result are shown in the left plot. The D0 one-dimensional projection deviates
from the SM value by about two standard deviations. The situation therefore remains
somewhat murky, with CDF’s most recent result in agreement with the SM, while the D0
result still deviates from the SM by about the same amount as the earlier result. Both
experiments agree that there can be significant variation of results from experiment
to experiment, or for different subsets of the data within the same experiment. For
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Fig. 8. – CDF likelihood contours for three different data-taking periods.

example, fig. 8 shows CDF results divided into three data-taking periods of about the
same integrated luminosity. Although the detector and analysis techniques are the same,
the results vary significantly for the three periods. Both CDF and D0 are working on
further updates of this analysis.

4. – Bs → µ+µ−

The SM expected branching ratio is (3.6 ± 0.3) × 10−9 [9]. The most recent CDF
branching ratio limit [10] at the 95% CL is 43 × 10−9 (33 × 10−9) for the observed
(expected) limit.

D0 has a recent update on this measurement [11] based on 6.1 fb−1 of recorded
luminosity. The analysis uses a Baysian neural network (BNN) with six variables to
separate signal from background. The variables that were found to have the best sig-
nal/background separation power were: the minimum muon impact parameter; dimuon
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Fig. 9. – D0 search for Bs → µµ. The top left plot shows the output of the BNN for signal
Monte Carlo and data sideband backgrounds. The bottom left shows the BNN output for the
normalization mode. The right plot shows the projections of the dimuon mass and BNN output
parameter β for the most sensitive bin of BNN output. The dot-dash curve shows a simulated
signal at 100× the SM expectation.
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vertex χ2; the decay length significance; the angle between the dimuon momentum vector
and the vector from the primary vertex to the secondary vertex (the “pointing angle”);
and the minimum muon transverse momentum. Monte Carlo studies indicate that the
most serious background is due to production of a bb̄ pair, both of with decay semilepton-
ically. Signal Monte Carlo and data sidebands are used to train the BNN. Figure 9 shows
the output of the BNN for signal Monte Carlo and data sidebands. This figure also shows
the selection for the normalization mode B± → J/ψK±. The final limit is calculated in
bins of µµ mass and β, the output of the BNN. Figure 9 shows the projection in dimuon
mass and β for the most sensitive bin in β. The dot-dashed curve represents a signal
100× the SM expectation. There is no evidence of a signal, and D0 sets a branching
ratio limit at the 95% CL of 51 × 10−9 (38 × 10−9) for the observed (expected) limit.
Both experiments are working on an update to this measurement.

5. – Conclusion

The D0 like-sign dimuon charge asymmetry exhibits a 3.2 σ discrepancy with the SM.
An update on this result, including an impact parameter study and more data, should
be available soon. This result challenges the SM, and it is important to have this result
verified (or not) by another experiment.

The decay Bs → J/ψφ has been studied by both CDF and D0. Extracting the
physics parameters requires a complicated fit of 30+ parameters. The current situation
is unclear, with CDF’s most recent result in agreement with the SM, and D0’s result still
about two standard deviations away from the SM expectation. But within errors the two
experiments are in agreement.

Both CDF and D0 have presented branching ratio limits for the ultra-rare decay
Bs → µµ which are about 10 times the SM expectation. Both CDF and D0 are continuing
to push the branching ratio limits on this mode.
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Summary. —
The determination of the CP -violating phase in B0

s → J/ψφ decays is one of the key
goals of the LHCb experiment. Its value is predicted to be very small in the Standard
Model but can be significantly enhanced in many models of New Physics. The steps
towards a precise determination of this phase with a flavour-tagged, time-dependent
angular analysis of the decay B0

s → J/ψφ are reviewed and first studies performed
with data collected in 2010 at LHC in pp collisions at 7 TeV center-of-mass energy are
presented for the first time. In particular, we report the first LHCb measurements
of lifetime in the channels B+ → J/ψK+, B0 → J/ψK∗0, B0 → J/ψK0

S, B0
s → J/ψφ,

Λb → J/ψΛ; the polarization amplitudes in B0 → J/ψK∗0 and B0
s → J/ψφ; the

width and mass differences of the B0
s mass eigenstates, ∆Γs and ∆ms. The data

sample used corresponds to an integrated luminosity of 36pb−1.

PACS 12.15.Hh – Determination of Cabibbo-Kobayashi & Maskawa (CKM) matrix
elements.

1. – Introduction

The interference between B0
s decays to J/ψφ either directly or via B0

s -B
0
s oscillation

gives rise to a CP -violating phase φ
J/ψφ
s . In the Standard Model, this phase is predicted

to be ≃ −2βs, where βs = arg(−VtsV
∗
tb/VcsV

∗
cb). The indirect determination via global

fits to experimental data gives 2βs = (0.0363±0.0017) rad [1], within the Standard Model.
The direct measurement of this phase is one of the key goals of the LHCb experiment.

Indeed, φ
J/ψφ
s is one of the CP observables with the smallest theoretical uncertainty in

the Standard Model, and New Physics could significantly modify this prediction, if new
particles contribute with a new phase to the B0

s -B
0
s box diagram. Both CDF and DØ

have reported constraints on φ
J/ψφ
s with large uncertainties [2, 3].

In this document, we present the steps towards a measurement of φ
J/ψφ
s at LHCb and

give the first preliminary results obtained with the 2010 data. The CP -violationg phase
will be extracted from a tagged time-dependent angular analysis of B0

s → J/ψφ decays.
Therefore, the following steps are required:

– in sect. 2, we present the selection and lifetime of B0
s → J/ψ(µµ)φ(KK) channel,

together with other b→ J/ψ(µµ)X control channels;

c© Società Italiana di Fisica 281
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Fig. 1. – B+ mass (left) and proper time (right) projections of the two-dimensional fit to the
B+ → J/ψK+ candidates with t > 0.3 ps. The total fit is represented by the blue solid line, the
signal contribution by the green dashed line and the background contribution by the red dashed
line. The mass range for the fit is m ∈ [5.15, 5.40]GeV/c2.

– in sect. 3, we report on the untagged angular analysis of B0
s → J/ψφ, together with

the control channel B0→ J/ψK∗0;

– the tagging of the B0
s flavour at production is discussed in sect. 4, together with

the measurement of ∆md and ∆ms;

– other channels can be used to measure the mixing-induced CP violation in
B0

s -decays amongst which the B0
s → J/ψf0 channel. The first observation of this

decay is reported in Sect. 5.

2. – Selections and lifetime measurement

The trigger and selection of B0
s → J/ψ(µµ)φ(KK) and control channels are described

in [4]. The measurement of φ
J/ψφ
s requires a good understanding of detector effects such

as the proper time acceptance and resolution, angular acceptance, mistag fraction and
background. The strategy is to trigger and select several b → J/ψX decay modes in a
similar way and use them as control channels to calibrate the detector and validate the
analysis procedures used when studying B0

s → J/ψφ.

The b-hadron lifetimes are extracted from a maximum-likelihood fit to the proper time
distributions of the fully reconstructed candidates. In order to avoid as much as possible
a proper time dependent efficiency both the trigger and the offline selection are chosen
to be lifetime unbiased: the selections avoid cutting on variables that are correlated with
the b-hadron proper time, such as impact parameters of final state particles with respect
to the primary vertex. The only exception is a cut on proper time t > 0.3 ps which allows
to remove the huge prompt background dominated by combinations of tracks originating
from the primary vertex.

The reconstructed mass and proper time projections of B+ → J/ψK+, B0 → J/ψK∗0,
B0→ J/ψK0

S, B0
s → J/ψφ and Λb → J/ψΛ are shown in figs. 1 to 5. The extracted lifetimes

and the signal yields in the proper time range t ∈ [0.3, 14] ps are shown in table I.
They are compatible with the PDG values [5]. The proper time resolution measured in
B0

s → J/ψφ event is 50 fs. The systematics uncertainties are given in table II and detailed
in [4].
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Fig. 2. – B0 mass (left) and proper time (right) projections of the two-dimensional fit to the
B0 → J/ψK∗0 candidates with t > 0.3 ps. The total fit is represented by the blue solid line, the
signal contribution by the green dashed line and the background contribution by the red dashed
line. The mass range for the fit is m ∈ [5.20, 5.36]GeV/c2.
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s mass (left) and proper time (right) projections of the two-dimensional fit to the

B0
s → J/ψφ candidates with t > 0.3 ps. The total fit is represented by the blue solid line, the

signal contribution by the green dashed line and the background contribution by the red dashed
line. The mass range for the fit is m ∈ [5.20, 5.55]GeV/c2.
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Fig. 5. – Λb mass (left) and proper time (right) projections of the two-dimensional fit to the
Λb → J/ψΛ candidates with t > 0.3 ps. The total fit is represented by the blue solid line, the
signal contribution by the green dashed line and the background contribution by the red dashed
line. The mass range for the fit is m ∈ [5.47, 5.77]GeV/c2.

Table I. – Signal event yields and lifetimes extracted from the likelihood fits to the candidates

with proper time t ∈ [0.3, 14] ps. A single exponential is used to fit the proper time distribution.

Channel Lifetime (ps) Yield

B+→ J/ψK+ 1.689 ± 0.022(stat.) ± 0.047(syst.) 6741 ± 85

B0→ J/ψK∗0 1.512 ± 0.032(stat.) ± 0.042(syst.) 2668 ± 58

B0→ J/ψK0
S 1.558 ± 0.056(stat.) ± 0.022(syst.) 838 ± 31

B0
s → J/ψφ 1.447 ± 0.064(stat.) ± 0.056(syst.) 570 ± 24

Λb → J/ψΛ 1.353 ± 0.108(stat.) ± 0.035(syst.) 187 ± 16

Table II. – Systematic uncertainties in the lifetime measurements (ps).

B+→ J/ψK+ B0→ J/ψK∗0 B0
s → J/ψφ B0→ J/ψK0

S Λb → J/ψΛ

Signal mass model 0.002 0.002 0.010 0.014 0.012

Signal time model 0.043 0.038 0.040 0.015 0.022

Bkg. mass model 0.009 0.020 0.005 0.008 0.023

Bkg. time model 0.003 0.006 0.003 0.006 0.006

Time resol. model 0.005 0.005 0.005 0.005 0.005

Momentum scale 0.001 0.001 0.001 0.001 0.001

Decay length scale 0.001 0.001 0.001 0.001 0.001

Quadratic sum 0.047 0.042 0.056 0.022 0.035

3. – Untagged angular analysis of B0→ J/ψK∗0
and B0

s → J/ψφ

The decays B0
s → J/ψφ and B0 → J/ψK∗0 are both pseudo-scalar to vector-vector

transitions. Both decays are described by three time-dependent decay amplitudes corre-
sponding to transitions in which the J/ψ and φ (or K∗0) have a relative orbital momentum
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Fig. 6. – Fitted PDF with S-wave included projected on the transversity angles compared to
the data distributions for the selected B0 → J/ψK∗0 candidates. Shown are the total PDF, the
PDFs for signal (blue), S-wave (green), total background (red) and wrong-signal (purple).

L of 0, 1, or 2. In the transversity formalism [6], the initial amplitudes at time t = 0,
A0(0) and A‖(0) describe the decays with L = 0, 2 while A⊥(0) describes the L = 1 final
states. The arguments of these complex amplitudes are strong phases denoted δ0, δ‖ and
δ⊥. The measurement of the polarization amplitudes and strong phases using untagged
events is presented in [7]. For the B0→ J/ψK∗0 channel, we find:

|A‖(0)|2 = 0.252 ± 0.020 ± 0.016 ,

|A⊥(0)|2 = 0.178 ± 0.022 ± 0.017 ,

δ‖ = −2.87 ± 0.11 ± 0.10 ,

δ⊥ = 3.02 ± 0.10 ± 0.07 .

The first error is the statistical uncertainty from the 5-dimensional fit (mass, proper time
and 3 angles). The second error is the systematic uncertainty, details of which are given
in [7]. The 1-dimensional projections of the 5-dimensional fit function are compared to
the measured data in fig. 6.

For the B0
s → J/ψφ channel, assuming φ

J/ψφ
s =0, we measure:

Γs = 0.680 ± 0.034 ± 0.027 ps−1 ,

∆Γs = 0.084 ± 0.112 ± 0.021 ps−1 ,

|A⊥(0)|2 = 0.279 ± 0.057 ± 0.014 ,

|A0(0)|2 = 0.532 ± 0.040 ± 0.028 ,

cos δ‖ = −1.24 ± 0.27 ± 0.09 ,

where the first error is the statistical error from the fit and the second error is the system-
atic uncertainty detailed in table III. The 1-dimensional projections of the 5-dimensional
fit function are compared to the measured data in fig. 7.

4. – Flavour tagging and measurement of ∆ms using B0
s → D−

s (3)π+

The tagging of the initial B-flavour in LHCb is a key step towards the measurement of

φ
J/ψφ
s . It is described in [8]. The algorithm exploits charged tracks originating from the b-

hadron opposite to the signal B-meson (kaon, muon, electron and vertex charge) and also
tracks close to the signal B-meson (same-side tagging). The algorithm is optimized using
B0→ D∗−µ+νµ and B+→ J/ψK+ events and calibrated using B+→ J/ψK+, B0→ J/ψK∗0
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Table III. – Systematic uncertainties assigned to the extracted physics parameters of the decay

B0
s → J/ψφ.

Systematic effect Γs[ ps−1] ∆Γs[ ps−1] |A
⊥

(0)|2 |A
‖
(0)|2 cos δ

‖

Proper time resolution 0.0001 – – – –

Angular acceptance – – – 0.0007 –

Acceptance parametrisation 0.0002 0.001 0.0017 0.0013 –

Proper time acceptance 0.0272 0.001 0.0003 0.0002 –

S-wave treatment 0.003 0.003 0.013 0.028 0.09

Background treatment 0.0002 0.02 0.0016 0.0012 –

Mass model 0.0004 0.004 0.0032 0.0006 –

Total (quadratic sum) 0.0274 0.0206 0.0136 0.0281 0.09

proper time t [ps]
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Fig. 7. – Fitted PDF projected on the lifetime and the transversity angles compared to the
data distributions for the selected B0

s → J/ψφ candidates. Shown are the total PDF, the PDFs
for signal, the PDFs for the CP-even and CP-odd signal components and the total background
PDF.
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Table IV. – Number of B0
s signal candidates used in the ∆msmeasurement.

Decay mode # signal candidates

Bs → D−

s (φπ−)π+ 515 ± 25

Bs → D−

s (K∗K)π+ 338 ± 27

Bs → D−

s (K+K−π−)π+ 283 ± 27

Bs → D−

s (K+K−π−)3π 245 ± 46

events. In [9], the calibration is cross-checked using B0 → K+π− events and the B0-B0

mixing frequency is measured to be

∆md = 0.499 ± 0.032 (stat.) ± 0.003 (syst.) ps−1 .

An additionnal crucial test is performed in [10], by measuring the B0
s–B0

s mixing frequency
using B0

s → D−
s (3)π+ events. In that case, only opposite side tagging is used. The

effective tagging efficiency is (3.8± 2.1)%. Using the events sample given in table IV, we
measure:

∆ms = 17.63 ± 0.11 (stat.) ± 0.04 (syst.) ps−1 ,

which is compatible and competitive with the world best measurement [11]. The details
of the systematics uncertainties are given in [10]. The likelihood profile as a function of
the mixing frequency ∆ms is shown in fig. 8. The statistical significance of the signal is
evaluated by comparing the likelihood value at the measured ∆ms value of 17.63 ps−1

with the likelihood value obtained on the same sample in the limit of infinitely high
mixing frequency. We find a significance of 4.6 σ for the observed mixing signal. The
statistical size of the sample is not large enough to illustrate the oscillation pattern of the
time dependent asymmetry. However we can more clearly observe the oscillation if we
plot the asymmetry as a function of the proper time modulo 2π

∆ms
(fig. 9). Additionally

we provide an amplitude scan in fig. 9, with all details given in [10].
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Fig. 8. – Likelihood scan for ∆ms in the range from [0.0,25.0] ps−1. The line at 20.94 indicates
the likelihood value evaluated in the limit of infinite mixing frequency.
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5. – First observation of B0
s → J/ψf0

When LHCb will have accumulated more data, the measurement of φs will not only
be done in B0

s → J/ψφ, but also in other similar channels. One of them, B0
s → J/ψf0, has

been observed for the first time in LHCb [12]. The J/ψπ+π− and π+π− invariant masses
are shown in fig. 10. We measure

Rf0/φ ≡
Γ(B0

s → J/ψf0, f0 → π+π−)

Γ(B0
s → J/ψφ, φ → K+K−)

= 0.252+0.046+0.027
−0.032−0.033 .

Despite a smaller branching ratio, with respect to B0
s → J/ψφ, the fact that J/ψf0 is a

pure CP-odd final state makes the measurement of φs simpler, since no angular analysis
is required.
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Fig. 10. – Left: The invariant mass of J/ψπ+π− combinations when the π+π− pair is required
to be within ±90 MeV of the f0(980) mass. The data have been fit with a signal Gaussian
and several background functions. The thin (red) solid curve shows the signal, the long-dashed
(brown) curve the combinatorial background, the dashed (green) curve the B+ → J/ψK+(π+)
background, the dotted (blue) curve the B0 → J/ψK∗0 background, the dash-dot curve (purple)
the B0 → J/ψπ+π− background, the barely visible dotted curve (black) the sum of B0

s → J/ψη′

and J/ψφ backgrounds, and the thick-solid (black) curve the total. Right: The invariant mass
of π+π− combinations when the J/ψπ+π− combination is required to be within ±30 MeV of the
B0

s mass. The dashed curve is the like-sign background that is taken from the data both in
shape and absolute normalization. The dotted curve is the result of the fit described in [12].
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6. – Epilogue

While completing these proceedings LHCb has released its first preliminary results on

φ
J/ψφ
s [13]. The dataset was too small to calibrate the same-side tagger; the opposite side

tagger has a measured effective efficiency of 2.2± 0.4%. Although it was not possible to
give a point estimate contours in the φs-∆Γs space could be calculated.

7. – Conclusions

The B0
s → J/ψφ channel will allow LHCb to probe possible New Physics effects in

the B0
s -B

0
s box diagram. We have presented, for the first time at this conference, the

preliminary results needed for a φ
J/ψφ
s measurement, obtained with the data taken in

2010. The data sample used corresponds to an integrated luminosity of 35 pb−1. We
have measured the lifetime of B+ → J/ψK+, B0 → J/ψK∗0, B0 → J/ψK0

S, B0
s → J/ψφ,

Λb → J/ψΛ, the polarization amplitudes in B0 → J/ψK∗0 and B0
s → J/ψφ, the width and

mass differences of the B0
s mass eigenstates, ∆Γs and ∆ms. In particular, we measure:

∆ms = 17.73 ± 0.11 (stat.) ± 0.04 (syst.) ps−1. With the data currently being taken in

2011, we expect to obtain this year the world best measurement of φ
J/ψφ
s .
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Summary. — The most recent Electroweak results from the Tevatron are pre-
sented. The importance of precise Standard Model measurements in the Higgs
sector, quantum chromodynamics and searches for new physics is emphasized. An-
alyzed data correspond to 1–7 fb−1 of integrated luminosity recorded by the CDF
and DØ detectors at the Tevatron Collider at

√
s = 1.96 TeV during the period

between 2002 and 2010.

PACS 12.15.Ji – Applications of electroweak models to specific processes.
PACS 13.85.Qk – Inclusive production with identified leptons, photons, or other
nonhadronic particles.
PACS 14.70.Fm – W bosons.
PACS 14.70.Hp – Z bosons.

1. – Introduction

The main goal of the Electroweak (EW) physics is to probe the mechanism of the
EW symmetry breaking. An important aspect of these studies is related to precise mea-
surements of the Standard Model (SM) parameters and tests of the SU(2)×U(1) gauge
symmetry. Deviations from the SM may be indicative of new physics. Thus, the interplay
between the tests of the “standard” physics and searches for a “non-standard” physics
is an important aspect of the EW measurements. The observables commonly used in
these measurements are cross sections, gauge boson couplings, differential distributions,
asymmetries, etc. Besides, many EW processes represent a non-negligible background in
a Higgs boson and top quark production, and production of supersymmetric particles.
Therefore, the complete and detailed understanding of EW processes is a mandatory
precondition for early discoveries of very small new physics signals. Furthermore, several
EW analyses represent a proving ground for analysis techniques and statistical treatments
used in the Tevatron Higgs searches.

2. – Single-boson production

Measurements of gauge boson properties such as mass, differential distributions and
production asymmetries represent an important input to theoretical predictions which
will provide a better description of Tevatron data and increase sensitivity to new physics
signals.

c© Società Italiana di Fisica 293
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Precise measurements of the W boson mass are important, because they restrict the
phase space of the so far unseen SM Higgs and set indirect constraints on new physics
via EW radiative corrections. At the Tevatron, the W boson mass is measured using
three kinematic variables: lepton transverse momentum, pl

T (where l = e, μ), imbalace
in transverse energy arising from the neutrino, pν

T (offten refered as to missing ET ),

and the W boson transverse mass defined as MT =
√

2pl
T pν

T (1 − cos∆φ), where ∆φ

is the opening angle between the electron (muon) and neutrino momenta in the plane
transverse to the beam. Correct modeling of the hadronic recoil from the QCD radiation
is highly important for W mass measurement as it balances the boson’s pT . CDF selects
events with pl

T > 18 (30) GeV/c in the electron (muon) channel, missing ET > 30 GeV
and |�u| < 15 GeV/c in 0.2 fb−1 of integrated luminosity using both the electon and
muon channel. DØ selects events with pl

T > 25 GeV/c, missing ET > 25 GeV and
|�u| < 15 GeV/c in 1.0 fb−1 of integrated luminosity using only the electon channel. Both
experiments use all three reconstructed variables to measure the W boson mass. CDF
measures q W mass of 80.413 ± 0.034 (stat) ± 0.034 (syst) GeV/c2 [1]. DØ measures
the W mass to be 80.401 ± 0.021 (stat) ± 0.038 (syst) GeV/c2 [2] which represents the
most precise single W mass measurement to date. Using the same data DØ extracts the
width of the W boson to be ΓW = 2.028 ± 0.039 (stat) ± 0.061 (syst) GeV using MT

distribution [3].

The production of single W bosons in pp̄ collisions also provides information on the
momentum fraction dependence of the u and d quark parton distribution functions (PDF)
within the proton. The boost along the z-axis in the direction of more energetic parton
causes an asymmetry in the W boson and charged lepton production. After data has been
corrected for detector effects, efficiencies, charge mis-identification, etc, the asymmetry
A is measured as a function of rapidity yW of the W boson or pseudorapidity ηl of
charged lepton, and transverse momentum. Current results on lepton charge asymmetry
from 1 fb−1 of CDF integrated luminosity, electron charge asymmetry from 0.75 fb−1 of
DØ integrated luminosity [4] and muon charge asymmetry from 5 fb−1 of DØ integrated
luminosity [5], show mutual disagreement when split in different lepton pT bins. In
addition, both CDF and DØ lepton charge asymmetries do not agree with CTEQ6.6
PDF prediction when split into pT bins while W boson aymmetry measured by CDF
agrees well with higher-order predictions [6].

The study of Z boson kinematic distributions is yet another test that contributes to
the tuning of theoretical QCD predictions. Distibutions such as transverse momentum,
rapidity and φ∗

η of dilepton pairs are studied at the Tevatron.

The differential cross section as a function of the dimuon pT distribution has been
studied with 1 fb−1 of integrated luminosity recorded at DØ. Unfolded data normalized
to the pythia Perugia 6 prediction is compared to other generators as shown in fig. 1. In
the low pT region (Z pT < 30 GeV) the resummation describes data well while the high Z
pT > 30 GeV region shows the best shape agreement with higher-order pertubative QCD
but with an offset in normalization. Since the pT distribution is sensitive to resolution
effects, the φ∗

η distribution based exclusively on angular resolution is an excelent place to
probe QCD predictions with higher precision. It is defined as φ∗

η = tan(φacop/2) sin(θ)∗η
where φacop is the acoplanarity angle φacop = π − ∆φll and ∆φll is the difference in
azimuthal angle φ between the two leptons. The variable (θ)∗η is defined as (θ)∗η =
a cos[tanh(η− − η+)/2] where η− and η+ are the pseudorapidities of the negatively and
positively charged lepton, respectively. As presented in fig. 2 where the ratio of the
corrected distribution (1/σ) × (dσ/dφ∗

η) to resbos is shown for three different rapydity
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Fig. 1. – The normalized differential cross section and its ratio relative to pythia Perugia 6 in
bins of Z pt for Z/γ∗(→ µµ) + X events. The data are shown with statistical and systematic
uncertainties. The distribution is compared to different generators and NLO predictions.

regions, predictions from resbos fail to describe the detailed shape of the data, and a
prediction that includes the effect of small-x broadening is disfavored.

The CDF experiment performs a measurement of dσ/dy selecting Z/γ∗ → e+e−

events in the mass range of 66 to 116 GeV/c2 using data of 2.1 fb−1 of integrated lumi-
nosity. The comparison of unfolded data to different QCD predictions shows a good
agreement as presented in fig. 3. The measured cross section for Z production of
σZ × BR(Z → e+e−) = 256.6 ± 15.5 (stat + syst) pb is in good agreement with higher
order QCD predictions. In addition, the selected data is used to extract pT dependent
angular coefficients, A0, A2, A3 and A4. The pT dependence of A0 and A2 is found to
be in agreement with the predictions of perturbative QCD, confirming the Lam-Tung
relation which implies that the spin of the gluon is 1 if A0 = A2. The values of A3 and
A4 are in agreement with the predictions of all QCD models [7]. The measured A4 is
used to extract sin2 θW = 0.2329 ± 0.0008+0.0010

−0.0009 (QCD) as shown in fig. 3.

3. – Diboson production

As an important production mechanism for understanding the EW symmetry break-
ing, diboson physics focuses on precise measurements of the cross section and the trilinear
gauge boson couplings (TGCs) [8]. Besides, the most precise knowledge of these pro-
cesses and their proper modeling is highly valuable in many searches for new physics
which may exist at some energy scale Λ. The quantity Λ is physically interpreted as
the mass scale where the new phenomenon responsible for the anomalous couplings is
directly observable.
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PDFs and the uncertainty due to the QCD scale. Comparisons to the resbos predictions when
g2 is set to 0.66 GeV2 (dotted blue line) and to the small-x broadening (solid black line) are
shown as well.

The Zγ → l+l−γ (l = e, μ) and Zγ → νν̄γ events selected from the CDF data of
5 fb−1 of integrated luminosity have a photon with transverse energy ET > 50 GeV which
is spatially separated from a lepton by ∆Rlγ > 0.7. Charged leptons are required to have
pT > 20 GeV/c (ET > 20 GeV) for one muon (electron) candidate and pT > 10 GeV/c
(ET > 10 GeV) for the other. The three-body mass cut of 100 GeV is applied to separate

Fig. 3. – (Colour on-line) Left: Ratio of data to theory prediction for (1/σ) × (dσ/dy). The
prediction uses pythia MC with NLO CTEQ6.1M and CTEQ6.6M PDFs. Right: The value of
sin2 θW as a function of A4. Measured values of sin2 θW and A4 are shown in red, and the blue
band corresponds to different QCD predictions. The green lines represent the total uncertainty
from measurement of A4.
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Fig. 4. – Left: The azimuthal angle decay distribution of the Z/γ∗ candidates selected in the
ZZ → ll̄l′ l̄′ analysis, compared to the expected signal and background. Right: The Neural
Network output used in the fit to the data to measure the ZZ cross section.

events which originate from the final-state radiation. Photon ET spectra from l+l−γ
and νν̄γ candidate events are combined and used to set the limits on Zγγ/ZZγ TGCs.

The one-dimensional 95% CL limits on hγ,Z
3,4 at Λ = 1.5 TeV are −0.017 < hZ,γ

3 < 0.016,

−0.0006 < hZ
4 < 0.0005 and |hγ

4 | < 0.0006. They are the most restrictive limits on these
couplings to date [9].

The φdecay distribution of ten ZZ → ll̄l′ l̄′ (l, l′ = e, μ) candidate events ob-
served in DØ data of 6.4 fb−1 of integrated luminosity with a significance of 6 stan-
dard deviations are shown in fig. 4. The φdecay distribution is sensitive to different

Fig. 5. – Left: Transverse mass of W bosons in WZ candidates. Right: Comparison of the Z
boson pT spectrum from data, total background, the SM WZ signal+total background and two
TGC models.
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scalar models arising from new physics [10]. The measured cross section is σZZ =
1.24+0.47

−0.37 (stat) ± 0.11 (syst) ± 0.08 (lumi) pb and it represents the most precise σZZ

measurement at a hadron collider to date [11]. The ZZ → ll̄νν̄ (l = e, μ) events se-
lected from data of 5.9 fb−1 of integrated luminosity at CDF were used to measure the
cross section of σZZ = 1.45+0.60

−0.51 (stat + syst) pb [12]. The Neural Network output shown
in fig. 4 is used in analysis to separate ZZ events form the most dominant Drell-Yan
background. The measured ZZ cross sections are in agreement with the SM prediction.

The most precise measurement of the WZ → lνll cross section has been recently
performed by the CDF Collaboration. The analysis selects events with missing ET >
25 GeV and leptons of pT > 15 GeV/c where two leptons are of the same flavour, opposite
charge and lie in the mass window (mll −MZ) < 15 GeV/c2. After the final selection 50
candidate events are selected with expected background of 11.2 ± 1.63 events. The WZ
cross section, measured relative to the Z cross section is σWZ/σZ = [5.5 ± 0.8 (stat) ±
0.5 (syst)]·10−4. Using a next-to-NLO calculation of the σZ ·BR(Z → ll) = (251.3±5) pb
gives the cross section of σWZ = 4.1±0.6 (stat)±0.4 (syst) pb [13]. The DØ Collaboration
measures the σWZ cross section selecting events in the same final states, requiring lepton
candidates with pT > 15 GeV/c and missing ET > 20 GeV. The selection yields 34 WZ
candidate events with an estimated 23.3 ± 1.5 signal, and 6.0 ± 0.6 background events.
The measured cross section of σWZ = 3.90+1.01

−0.85 (stat + syst) ± 0.31 (lumi) pb.
In addition, Z pT spectrum shown in fig. 5 is used to set the limits on WWZ TGCs.

The one-dimensional 95% CL limits on ∆κZ , λZ and ∆gZ
1 at Λ = 2.0 TeV are −0.376 <

∆κZ < 0.686, −0.075 < λZ < 0.093 and −0.053 < ∆gZ
1 < 0.156. They are the best

limits on these couplings to date as measured from direct WZ production [14].

4. – Summary

The most recent EW results from CDF and DØ Collaborations using Tevatron data of
1–7 fb−1 of integrated luminosity have been presented. The W mass, cross sections and
TGCs are measured with the best precision to date at a hadron collider. Observations
are in agreement with the SM predictions though some descrepancies with theoretical
predictions have been observed.

REFERENCES

[1] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 99 (2007) 151801.
[2] Abazov V. et al. (D0 Collaboration), Phys. Rev. Lett., 103 (2009) 141801.
[3] Abazov V. et al. (D0 Collaboration), Phys. Rev. Lett., 103 (2009) 231802.
[4] Abazov V. et al. (D0 Collaboration), Phys. Rev. Lett., 101 (2008) 211801.
[5] Abazov V. et al. (D0 Collaboration), D0 Note 5976-CONF (2009).
[6] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 102 (2009) 181801.
[7] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 106 (2011) 241801,

arXiv:1103.5699v3 [hep-ex] (2011).
[8] Hagiwara K., Woodside J. and Zeppenfeld D., Phys. Rev. D, 41 (1990) 2113.
[9] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 107 (2011) 051802,

arXiv:1103.2990v1 [hep-ex] (2011).
[10] Cao Q. et al., Phys. Rev. D, 81 (2010) 015010.
[11] Abazov V. et al. (D0 Collaboration), Phys. Rev. D, 84 (2011) 011103,

arXiv:1104.3078v1 [hep-ex] (2011).
[12] Aaltonen T. et al. (CDF Collaboration), CDF Note 10358 (2010).
[13] Aaltonen T. et al. (CDF Collaboration), CDF Note 10238 (2010).
[14] Abazov V. et al. (D0 Collaboration), Phys. Lett. B, 695 (2011) 67.



DOI 10.1393/ncc/i2012-11116-x

Colloquia: LaThuile11

IL NUOVO CIMENTO Vol. 35 C, N. 1 Gennaio-Febbraio 2012

Electroweak and Top physics at ATLAS

A. R. Sandström on behalf of the ATLAS Collaboration

Max-Planck-Institut für Physik, (Werner-Heisenberg-Institut) - Föhringer Ring 6,
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Summary. — The observations of electroweak boson (W, Z) and top quark pair
(tt̄) production are among the key milestones for the early LHC physics programme.
Production of tt̄, W and Z in association with jets are important backgrounds in
various searches for physics beyond the Standard Model, and new physics may also
give rise to additional production mechanisms or modification of the decay channels.
This note summarizes the electroweak and top physics performed in ATLAS with√

s = 7 TeV proton-proton collisions during 2010 and compares the observations
with theoretical predictions.

PACS 14.65.Ha – Top quarks.
PACS 14.70.Fm – W bosons.
PACS 14.70.Hp – Z bosons.

1. – Introduction

The ATLAS experiment [1] at the Large Hadron Collider recorded more than 40 pb−1

at
√

s = 7 TeV proton-proton collisions during 2010. This note summarizes some of the
tests of the Standard Model that were performed with integrated luminosity ranging
from 0.3 to 31 pb−1. The note first covers the results using electroweak bosons before
presenting results using top quarks.

2. – Electroweak results

2
.
1. W/Z cross section. – At hadron colliders, the W and Z bosons can most easily

be detected via their leptonic decay mode. The ATLAS experiment observed W → eν,
W → μν, Z → ee, and Z → μμ candidates produced from the

√
s = 7 TeV proton-

proton collisions of the LHC [2]. The measurements are based on data corresponding to
an integrated luminosity of approximately 0.3 pb−1. The absolute luminosity was cali-
brated using beam separation scans, yielding a total systematic uncertainty of ±11% [3],
dominated by the measurement of the LHC beam currents.
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Fig. 1. – The measured values of σW × BR(W → lν) for W+, W− and for their sum compared
to the theoretical predictions based on NNLO QCD calculations. Results are shown for the
combined electron-muon results. The predictions are shown for both proton-proton (W+, W−

and their sum) and proton-antiproton colliders (W ) as a function of
√

s. In addition, previous
measurements at proton-antiproton and proton-proton colliders are shown. The data points at
the various energies are staggered to improve readability. The CDF and D0 measurements are
shown for both Tevatron collider energies,

√
s = 1.8 TeV and

√
s = 1.96 TeV. All data points

are displayed with their total uncertainty. The theoretical uncertainties are not shown [2].

Muons are required to have at least one combined muon track with pT > 20 GeV and
pT measured by the muon spectrometer (MS) alone greater than pMS

T > 10 GeV, within
the range |ημ| < 2.4. Electron tracks are required to have ET > 20 GeV and |η| < 2.47
where candidates in the calorimeter transition region 1.37 < |η| < 1.52 are excluded.
Z → ll candidates are required to have two leptons of the same flavour and opposite
charge. W candidates are selected by requiring one lepton and missing transverse energy
Emiss

T > 25 GeV. Furthermore, a transverse mass requirement mT > 40 GeV is imposed
on W candidates, where

mT =
√

2pl
T
pν
T
(1 − cos(φl − φν)) ,(1)

and where the highest pT lepton is used and the (x, y) components of the neutrino
momentum are inferred from the corresponding Emiss

T components.
The W → lν analysis resulted in a total of 1069 candidates pass all requirements in

the electron channel and 1181 candidates in the muon channel. The Z → ll found a total
of 70 candidates pass all requirements in the electron channel and 109 candidates in the
muon channel, within the invariant mass window 66 < mll < 116 GeV. After correcting
for acceptance and inefficiencies these observations lead to the measured cross sections

σW × BR(W → lν) = 9.96 ± 0.23(stat) ± 0.50(syst) ± 1.10(lumi) nb,(2)

σZ/γ⋆ × BR(Z/γ⋆ → ll) = 0.82 ± 0.06(stat) ± 0.05(syst) ± 0.09(lumi) nb.(3)

These results are shown in figs. 1 and 2, together with results at lower center-of-mass
energies. Theoretical predictions, based on NNLO QCD calculations, are in good agree-
ment with these measurements.
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Fig. 2. – The measured value of σZ/γ⋆ ×BR(Z/γ⋆ → ll) where the electron and muon channels
have been combined, compared to the theoretical predictions based on NNLO QCD calculations.
The predictions are shown for both proton-proton and proton-antiproton colliders as a function
of

√
s. In addition, previous measurements at proton-antiproton and proton-proton colliders

are shown. The data points at the various energies are staggered to improve readability. The
CDF and D0 measurements are shown for both Tevatron collider energies,

√
s = 1.8 TeV and√

s = 1.96 TeV. All data points are displayed with their total uncertainty. The theoretical
uncertainties are not shown [2].

The measurement of the ratio of the W to Z cross sections times branching ratios
constitutes an important test of the Standard Model. It can be measured with a higher
relative precision than the individual cross sections since both experimental and theoret-
ical uncertainties partially cancel. The observed ratio is

RW/Z = 11.7 ± 0.9(stat) ± 0.4(syst),(4)

whereas the theoretical prediction is RW/Z = 10.840 ± 0.054 [4, 5].

2
.
2. W charge asymmetry. – The measurement of the charge asymmetry of leptons

originating from the decay of singly produced W bosons at pp, pp̄ and ep colliders provides
important information about the proton structure as described by parton distribution
functions (PDFs). The W boson charge asymmetry is mainly sensitive to valence quark
distributions via the dominant production process ud̄(ūd) → W+(−) and provides com-
plementary information to that obtained from measurements of inclusive deep inelastic
scattering cross sections at the HERA electron-proton collider [6].

The ATLAS experiment has measured the muon charge asymmetry from the decay
of W± bosons in pp collisions at a centre-of-mass energy of

√
s = 7 TeV at the LHC [7].

The asymmetry varies significantly as a function of the pseudorapidity. The muon charge
asymmetry Aμ is defined from the cross sections for W → μν production dσWμ±/dημ as

Aμ =
dσWμ+/dημ − dσWμ−/dημ

dσWμ+/dημ + dσWμ−/dημ

,(5)

where the cross sections include the event kinematical cuts used to select W → μν
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events. Systematic effects on the W -production cross section measurements are typically
the same for positive and negative muons, mostly canceling in the asymmetry. The
results presented are based on data collected in 2010 with an integrated luminosity of
31 pb−1. The W candidate events were selected with the same kinematical cuts as in the
W → lν analysis described above.

The W yield is corrected for reconstruction inefficiencies by correction factors corre-
sponding to the ratio of reconstructed over generated events in the simulated W sample,
satisfying all kinematic requirements of the event selection. No extrapolation to the full
phase space is attempted in order to reduce the dependence on theoretical predictions.

The main backgrounds to W → μν arise from heavy flavour decays in multijet events
and from the electro-weak background from W → τν with a semi-muonic tau decay,
Z → μμ where one muon is not reconstructed and produces fake Emiss

T , and Z → ττ
with a semi-muonic tau decay, as well as semileptonic tt̄ decays in the muon channel.
The W → τν contribution is treated as a background.

The dominant sources of systematic uncertainty on the asymmetry come from the
trigger and reconstruction efficiencies. There is a loss of trigger efficiency in the low
pseudorapidity region due to reduced geometric acceptance, resulting in a larger statisti-
cal error. As a result, the trigger systematic uncertainty on the asymmetry is largest in
the low pseudorapidity bins (6–7% for central |ημ| and 2–3% for forward |ημ|). Similarly,
the uncertainty associated with the reconstruction efficiency is in average 1–2% but can
be up to 7% in certain detector regions. The systematic uncertainties due to the QCD
background is 1–2% and arise primarily from the uncertainty on the isolation efficiency
for muons in QCD events. The combination the other backgrounds results in an un-
certainty on the asymmetry of less than 1%. The impact of using an NLO MC using
the CTEQ 6.6 [8] PDF rather than PYTHIA with MRST LO PDF [5] in the correction
factor calculation has been evaluated and an additional systematic uncertainty of about
3% is included to account for the theoretical modelling.

The measured differential muon charge asymmetry in eleven bins of muon absolute
pseudorapidity is shown in fig. 3. The statistical and systematic uncertainties per |ημ|
bin are included and contribute comparably to the total uncertainty. Figure 3 also
show expectations for the muon asymmetry from W predictions at NLO with different
PDF sets: CTEQ 6.6, HERA 1.0 [6] and MSTW 2008 [9]; all predictions are presented
with 90% confidence level error bands. While the predictions with different PDF sets
differ within their respective uncertainty bands, they follow the same global trend. The
measured asymmetry agrees with this expectation. As demonstrated graphically in fig. 3,
all PDF sets are compatible with the data.

3. – Top cross section

In the Standard Model (SM) the tt̄ production cross section in pp collisions is calcu-
lated to be 164.6 +11.4

−15.7 pb [10] at a centre of mass energy
√

s = 7 TeV assuming a top
mass of 172.5 GeV, and top quarks are predicted to decay to a W boson and a b-quark
(t → Wb) nearly 100% of the time. Events with a tt̄ pair can be classified as “single-
lepton”, “dilepton”, or “all hadronic” by the decays of the two W bosons: a pair of
quarks (W → qq̄) or a lepton-neutrino pair (W → ℓν), where ℓ refers to a lepton. The
production of tt̄ at the LHC is dominated by gg fusion.

The results described in this note are based on reconstructed electrons and muons
and include small contributions from leptonically decaying tau leptons. The single-lepton
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Fig. 3. – The muon charge asymmetry from W-boson decays in bins of absolute pseudorapid-
ity. The kinematic requirements applied are muon pT > 20 GeV, neutrino pT > 25 GeV and
mT > 40 GeV. The data points (shown with error bars including the statistical and systematic
uncertainties) are compared to MC@NLO predictions with different PDF sets. The PDF uncer-
tainty bands are described in the text and include experimental uncertainties as well as model
and parametrization uncertainties [7].

mode, with a branching ratio(1) of 37.9% (combining e and μ channels), and the dilepton
mode, with a branching ratio of 6.5% (combining ee, μμ and eμ channels), both give rise
to final states with at least one lepton, missing transverse energy and jets, some with b
flavour. The cross section measurements in both modes are based on a straightforward
counting method using 2.9 pb−1 of integrated luminosity. The number of signal events
is obtained in a signal enriched sample after background subtraction. The main back-
ground contributions are determined using data-driven methods, since the theoretical
uncertainties on the normalisation of these backgrounds are relatively large.

3
.
1. Single-lepton channel . – The single lepton tt̄ final state is characterized by an

isolated lepton with relatively high pT and missing transverse energy corresponding to
the neutrino from the W leptonic decay, two b quark jets and two light jets from the
hadronic W decay. Events with at least four jets with pT > 25 GeV, where at least one
of the jets with is tagged as a b-jet, and exactly one reconstructed lepton (electron or
muon) with pT > 20 GeV and Emiss

T > 20 GeV and Emiss
T + mT (W ) > 60 GeV where

considered as tt̄ signal candidates. Muon tracks and jets are reconstructed within the
geometrical acceptance of the inner detector, |η| < 2.5. Electrons are selected using the
same pseudorapidity regions as used in the W/Z cross section measurements.

For the QCD multi-jet and W + jets backgrounds, data-driven estimates are used,
while for the expected background from Z+jets and single-top production, simulation

(1) The quoted branching ratios also include small contributions from leptonically decaying tau
leptons.
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estimates are used. The W + jet background is estimated from the measurement of
fraction the of W + 2 jets that are b-tagged. The fraction of the W + 4 jets events that
are b-tagged is obtained by a theoretical correction factor for differences in the event
flavour composition for the different jet multiplicities. This fraction together with the
fact that the ratio of W +n+1 jets to W +n jets is approximately constant as a function
of n [11] is used to estimate the background passing the b-tagged W +4 jets requirement.

The QCD multi-jet background in the muon channel was estimated by using non-
isolated muons. Z → μμ events were used to estimate the fraction of muons from W
decays that pass into the signal region from this control region. The fraction of muons
from QCD multi-jet events that pass into the signal region was estimated using two
regions which are enriched with muons from QCD processes. In the electron channel the
QCD multi-jet background was estimated by template fitting Emiss

T where the template
for the background was extracted from two QCD-dominated control regions.

The electron channel yields 17 events passing all cuts, while for muons 20 events are
observed. Of these 37 events 12.2±3.9 are estimated to be background, thereby yielding
an estimated 24.8 ± 6.1(stat) ± 3.9(syst) single lepton tt̄ events.

3
.
2. Dilepton channel . – The dilepton tt̄ final state is characterized by two isolated

leptons with relatively high pT , missing transverse energy corresponding to the neutrinos
from the W leptonic decays, and two b quark jets. Events with at least two jets with
pT > 20 GeV, and exactly two oppositely charged leptons (electron or muon) with pT >
20 GeV where considered as tt̄ signal candidates. The pseudorapidity regions where
leptons and jets are considered are the same as in the single lepton analysis described
above. In addition, to suppress background from Z + jets and QCD multi-jet events
in the ee channel, the missing transverse energy must satisfy Emiss

T > 40 GeV, and the
invariant mass of the two leptons must differ by at least 5 GeV from the Z boson mass,
i.e. |mee − mZ | > 5 GeV. For the muon channel, the corresponding requirements are
Emiss

T > 30 GeV and |mμμ − mZ | > 10 GeV. Events in the eμ-channel are required to
have a the scalar sum of the transverse energies of the two leptons and all selected jets
larger than 150 GeV.

A total of 9 events (2 ee, 3 μμ and 4 eμ) passed the selection. For the ee and μμ
channels the Z +jets is the largest background. It was estimated by a Z enriched control
region scaled by the fraction of simulation events in the control region that passes into
the signal region.

3
.
3. Combination of subchannels. – The combined measurement of the tt̄ production

cross-section is based on a likelihood fit in which the number of expected events is modeled
as

Nexp(σtt̄, αj) = L · ǫtt̄(αj) · σtt̄ +
∑

bkg

L · ǫbkg(αj) · σbkg(αj) + NDD(αj),(6)

where L is the integrated luminosity, ǫtt̄ is the signal acceptance, ǫbkg, σbkg are the
efficiency and cross section for backgrounds as obtained from MC simulation respectively,
and NDD is the number of expected events from data-driven estimates. The acceptance
and background estimates depend on sources of systematic uncertainty labelled as αj .

Table I lists the cross sections and signal significance for the single-lepton, dilepton and
the combined channels with the corresponding statistical and systematic uncertainties
extracted from the likelihood fit. By combining all five channels, the background-only
hypothesis is excluded at a significance of 4.8σ obtained with the approximate method
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Table I. – Summary of tt̄ cross-section and signal significance calculated by combining the

single-lepton and dilepton channels individually and for all channels combined.

Cross section [pb] Signal significance [σ]

Single-lepton channels 142 ± 34+50

−31 4.0

Dilepton channels 151 +78

−62

+37

−24 2.8

All channels 145 ± 31+42

−27 4.8

of [12]. These results have been cross checked with two independent fit based methods,
and the results are consistent.

Figure 4 shows the ATLAS and CMS measurements together with previous Tevatron
measurements. The measured tt̄ cross-section is in good agreement with the measurement
in the dilepton channel by CMS [15], as well as with approximate NNLO top quark cross
section calculation [13].

4. – Summary and conclusion

The ATLAS Collaboration presents first measurements of the W → lν and Z → lν
production cross sections in proton-proton collisions at

√
s = 7TeV with an integrated

luminosity of approximately 320 nb−1. Theoretical predictions, based on NNLO QCD
calculations, are in good agreement with all measurements.

The measurement of the W charge asymmetry in pp collisions at
√

s = 7 TeV per-
formed in the W → μν decay mode using 31 pb−1 of data is expected to contribute to
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the determination of the next generation of PDF sets, helping reduce PDF uncertainties,
particularly the shapes of the valence quark distributions in the low-x region.

The ATLAS Collaboration measured the tt̄ production cross section to be

145 ± 31+42
−27 pb(7)

with 2.9 pb−1 of proton-proton data at
√

s = 7TeV using both single lepton and dilepton
decay channels. This result is in good agreement with expectations and the CMS result.
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Summary. — We present several measurements in the domain of electroweak and
top physics in proton-proton collisions at the LHC at a centre-of-mass energy of
7 TeV. We use data collected with the CMS experiment during the year 2010, and
amounting up to a total integrated luminosity of 36 pb−1. Measurements include
total cross section productions, asymmetries, top mass measurements and focus on
final states with the presence of charged leptons. The results are compared with
theory predictions.

PACS 14.70.Fm – W bosons.
PACS 14.70.Hp – Z bosons.
PACS 14.65.Ha – Top quarks.

1. – Introduction

Electroweak (EWK) and top quark measurements are important benchmark process
at hadron colliders: the inclusive Z and W cross section are among the first measurement
to be performed at LHC, top-quark processes can now be studied extensively in multi-TeV
proton-proton collisions, and we can already provide new insights into parton distribution
functions with precision measurement of the lepton charge asymmetry.

CMS can extend these measurements to significantly higher energies then the past
measurements with LEP and Tevatron, namely, with pp collisions at a center-of-mass
energy of 7 TeV provided by the Large Hadron Collider (LHC). The data were collected
in 2010, by the Compact Muon Solenoid (CMS) experiment, and correspond to an inte-
grated luminosity of about 36 pb−1. The scheleton of this article is the following: after
a first introduction of the CMS detector, we first present the inclusive Z and W cross
section measurement, describing also in detail the lepton and missing energy identifica-
tion and reconstruction in CMS. We than describe the lepton charge asymmetry using
W decay identified events, which is among the most outstanding precision EWK mea-
surement performed with CMS data in 2010. Finally we enter in the great domain of
top physics study: we describe the top cross section measurement and properties with
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leptons in the final state and the first result obtained by the CMS Collaboration for the
measurement of the top quark mass.

2. – The CMS detector

A detailed description of the CMS experiment can be found elsewhere [1]. The central
feature of the CMS apparatus is a superconducting solenoid, of 6 m internal diameter,
13 m in length, providing an axial field of 3.8 T. Within the field volume are the sil-
icon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL) and the
brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization de-
tectors embedded in the steel return yoke of the solenoid. The most relevant sub-detectors
for this measurement are the ECAL, the muon system, and the tracking system. The
electromagnetic calorimeter consists of nearly 76000 lead tungstate crystals which pro-
vide coverage in pseudorapidity |η| < 1.479 in the barrel region and 1.479 < |η| < 3.0
in two endcap regions. A preshower detector consisting of two planes of silicon sensors
interleaved with a total of 3X0 of lead is located in front of the ECAL endcaps. The
ECAL has an ultimate energy resolution of better than 0.5% for unconverted photons
with transverse energies above 100 GeV. The electron energy resolution is 3% or better
for the range of electron energies relevant for this analysis. Muons are measured in the
pseudorapidity range |η| < 2.4, with detection planes made of three technologies: drift
tubes, cathode strip chambers, and resistive plate chambers. Matching the muons to the
tracks measured in the silicon tracker results in a transverse momentum resolution of
about 2% in the relevant muon pT range.

CMS uses a right-handed coordinate system, with the origin at the nominal interaction
point, the x-axis pointing to the center of the LHC, the y-axis pointing up (perpendicular
to the LHC plane), and the z-axis along the anticlockwise-beam direction. The polar
angle, θ, is measured from the positive z-axis and the azimuthal angle, φ, is measured in
the x-y plane. The pseudorapidity is given by η = − ln(tan(θ/2)).

3. – Electroweak measurement

3
.
1. W and Z production cross section. – The dominant production mechanism for

electroweak gauge bosons W and Z in pp collisions is the weak Drell-Yan production
process [2], where a quark and an antiquark annihilate to form a vector boson: the
reaction pp → W + X is dominated by ūd → W+ and d̄u → W− while the pp → Z + X
is dominated by ūu, d̄d → Z. We present here a measurement of W and the Z production
cross sections and their ratios with the full luminosity recorded by CMS at LHC in 2010
corresponding to 36 pb−1.

3
.
1.1. Selection. Events with high-ET electrons are selected online when they pass

an unprescaled L1 trigger filter that requires a coarse-granularity region of the ECAL
to have ET > 5 or 8 GeV depending on the run period. They subsequently must pass
an unprescaled HLT filter that requires an ECAL cluster with ET well below the offline
ET threshold of 25 GeV, using the full granularity of the ECAL and ET measurements
corrected using offline calibration [3]. Events with high-pT muon are selected online by
the unprescaled single-muon trigger. The energy threshold at the L1 is 7 GeV. The pT

threshold at the HLT level depends on the run period and has been 9 GeV for the first
7.5 pb−1 of collected data and 15 GeV for the remaining 28.4 pb−1.
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W → ln events are characterized by a prompt, energetic and isolated lepton, and
significant missing energy (/ET ). No cut on /ET is applied. Rather, the /ET is used as the
main discriminant variable against backgrounds from QCD events.

The Z boson decays to leptons (electrons or muons) are selected based on two energetic
and isolated leptons. The reconstructed di-lepton invariant mass is required to lie within
a mass window consistent with the known Z boson mass.

Electrons are identified offline as clusters of ECAL energy deposits matched to tracks
from the silicon tracker. The ECAL clusters must fall in the ECAL fiducial volume of
|η| < 1.44 for EB clusters or 1.57 < |η| < 2.5 for EE clusters. We select events with one or
two electrons having ET > 25 GeV for the W → eν or the Z → ee analysis respectively.
The electron selection criteria were obtained by optimizing signal and background levels
according to simulation-based studies, for more details see [4].

Muons candidates are first reconstructed separately in the central tracker (referred
to simply as “tracks”) and in the muon detector (“stand-alone muons”). Stand-alone
muons are then matched and combined with tracker tracks to form “global muons”.
Another independent algorithm proceeds from the inner tracker outwards matching muon
chambers hits, and produce “tracker muons”. We require that global and stand-alone
muon candidates must have at least one good muon chamber hit. Tracker muons must
match to at least two muon stations. Tracks, global and tracker muons must have more
than 10 hits in the inner tracker, of which at least one in the pixel detector, and the
impact parameter in the transverse plane, dxy, calculated with respect to the beam spot,
must be smaller than 2 mm. More details and studies on muon identification can be
found in ref. [5].

W → μν candidate events must have a muon candidate in the fiducial volume |η| < 2.1
with pT > 25 GeV. We require the muon to be isolated. For Z → μμ we require
two opposite charge muons with the same identification cuts but with pT > 20 GeV.
The efficiencies for the isolation and identification cuts are obtained with the “Tag and
Probe” [4] technique applied on both data and simulation, and correcting the simulation
for the residual efficiency ratio.

3
.
1.2. Results. The signal and background yields are obtained by fitting the /ET dis-

tribution for W → eν and W → μν. An accurate /ET measurement is essential for
distinguishing a signal from QCD multi-jet production backgrounds. We profit from the
application of the particle flow (PF) algorithm [6], which provides superior /ET recon-
struction performance. The final plots for the W candidate selection and signal fit are
reported in fig. 1. The inclusive Z → ll yield can be obtained counting the number of se-
lected candidates after subtracting the residual background, correcting for the estimated
lepton selection efficiencies. The final plots are reported below in fig. 2. Note that the
backgroung is so tiny with the given selection cuts that it is not visible in linear scale.

The largest uncertainty for the cross section measurement comes from the knowledge
of the integrated luminosity [7, 8] which amounts to 4%. Besides luminosity, the main
source of systematic uncertainty comes from lepton efficiency correction factors obtained
from the tag-and-probe method. Table I shows a summary of the systematic uncertainties
for the W and Z cross section measurements. For all measurements we present results
for electrons and muons combined, assuming lepton universality in W and Z decays.

We measure the following cross sections for inclusive W production:

σ(pp → WX) × BF(W → ℓν) =(1)

10.31 ± 0.02(stat.) ± 0.09(syst.) ± 0.10(th.) ± 0.41(lumi.) nb.
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Fig. 1. – (Colour on-line) Left: result of fixed shape template fit on /ET for all W → eν

candidates. Right: Total MT spectrum and fitted contributions for W → µν candidate events.
Signal from the different processes are shown stacked, W signal (light yellow histogram), other
EWK processes (medium orange histogram), and QCD background (dark purple histogram).

The NNLO prediction is 10.44 ± 0.52 nb. The results for charge-specific W production
are

σ(pp → W+X) × BF(W+ → ℓ+ν) =(2)

6.04 ± 0.02(stat.) ± 0.06(syst.) ± 0.08(th.) ± 0.24(lumi.) nb;
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Table I. – Systematic uncertainties in percent for all inclusive W and Z cross sections. “n/a”

means the source does not apply. A common luminosity uncertainty of 4% applies to all channels.

Source W → eν W → µν Z → ee Z → µµ

Lepton reconstruction & identification 1.3 0.9 1.8 n/a

Trigger pre-firing n/a 0.5 n/a 0.5

Momentum scale & resolution 0.5 xspace 0.22 0.12 0.35

/ET scale & resolution 0.3 0.2 n/a n/a

Background subtraction/modeling 0.35 0.4 0.14 0.28

Trigger changes throughout 2010 n/a n/a n/a 0.1

Total experimental 1.5 1.1 1.8 0.7

PDF uncertainty for acceptance 0.6 0.8 0.9 1.1

Other theoretical uncertainties 0.7 0.8 1.4 1.6

Total theoretical 0.9 1.1 1.6 1.9

Total 1.7 1.6 2.4 2.0

and

σ(pp → W−X) × BF(W− → ℓ−ν̄) =(3)

4.26 ± 0.01(stat.) ± 0.04(syst.) ± 0.07(th.) ± 0.17(lumi.) nb.

The NNLO predictions for these cross sections are 6.15 ± 0.29 nb for W+ and
4.29 ± 0.23 nb for W−. We also measure the following cross sections for Z production:

σ(pp → ZX) × BF(Z → ℓ+ℓ−) =(4)

0.975 ± 0.007(stat.) ± 0.007(syst.) ± 0.018(th.) ± 0.039(lumi.) nb.

The reported Z cross sections pertain to the invariant mass range 60 < mℓ+ℓ− < 120 GeV,
and are corrected for the kinematic acceptance but not for γ∗ exchange. The NNLO
prediction for Z production is 0.97 ± 0.04 nb.

The ratio of cross sections for W and Z production is

σW

σZ
=

NW

NZ

ǫZ

ǫW

AZ

AW
,

where AZ and AW are the acceptances for Z and W selections, respectively. The uncer-
tainty from AZ/AW is determined from Monte Carlo generator studies to be 1.5%. The
two different decay channels are combined by assuming fully correlated uncertainty for
the acceptance factor, with other uncertainties assumed uncorrelated. This results in the
measurements

(5)
σ(pp → WX) × BF(W → ℓν)

σ(pp → ZX) × BF(Z → ℓ+ℓ−)
= 10.54 ± 0.07 (stat.) ± 0.08 (syst.) ± 0.16 (th.).
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Fig. 3. – Summary of results for W and Z production, W/Z ratio and ratios of CMS measure-
ments to the theoretical values.

The NNLO prediction for this ratio is 10.74 ± 0.04, in good agreement with our mea-
surement. The cross section ratios of W+ and W− are given by

σW+

σW−

=
NW+

NW−

ǫW−

ǫW+

AW−

AW+

,

where AW+ and AW− are the acceptances for W+ and W−, respectively. The uncertainty
from AW−/AW+ is determined from Monte Carlo generator studies to be 2%. The two
different decay channels are combined by assuming fully correlated uncertainty for the
acceptance factor, with other uncertainties assumed uncorrelated. This results in the
measurements

σ(pp → W+X) × BF(W+ → ℓ+ν)

σ(pp → W−X) × BF(W− → ℓ−ν̄)
=(6)

1.421 ± 0.006(stat.) ± 0.014(syst.) ± 0.029(th.).

The NNLO prediction is 1.43 ± 0.04, which agrees with the measured values. Summaries
of the measurements are given in figs. 3, illustrating the good agreement of our mea-
surements with theoretical predictions computed at the NNLO QCD level with modern
NLO PDF sets, as well as the consistency in the measurements in the electron and muon
channels. The ratios of our measurements to the theoretical predictions are also reported
on the figure.
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3
.
2. W asymmetries. – For lack of space we cannot show all the measurements per-

formed by CMS in 2010 involving W and Z bosons properties. Among all we chose to
show a measurement of the lepton charge asymmetry in inclusive pp → WX produc-
tion [9]. This high precision measurement of the lepton charge asymmetry, performed in
both the W → eν and W → μν channels, provides new insights into parton distribution
functions. In pp collisions, W bosons are produced primarily via the processes ud̄ → W+

and dū → W−. The first quark is a valence quark from one of the protons, and the second
one is a sea antiquark from the other proton. Due to the presence of two valence u quarks
in the proton, there is an overall excess of W+ over W− bosons. Measurement of this
production asymmetry between W+ and W− bosons as a function of boson rapidity can
provide new insights on the u/d ratio and the sea antiquark densities in in the ranges of
the Björken parameter x [10] probed in pp collisions at

√
s = 7 TeV. However, due to the

presence of neutrinos in leptonic W decays the boson rapidity is not directly accessible.
The experimentally accessible quantity is the lepton charge asymmetry, defined to be

A(η) =
dσ/dη(W+ → ℓ+ν) − dσ/dη(W− → ℓ−ν̄)

dσ/dη(W+ → ℓ+ν) + dσ/dη(W− → ℓ−ν̄)
,

where ℓ is the daughter charged lepton, η is the charged lepton pseudorapidity, and dσ/dη
is the differential cross section for charged leptons from W boson decays. The lepton
charge asymmetry can be used to test SM predictions with high precision. Due to the
V −A structure of the W boson couplings to fermions, theoretical predictions of the charge
asymmetry depend on the transverse momentum (pT ) threshold applied on the daughter
leptons. For this reason, we measure A(η) for two different charged lepton pT (pℓ

T )
thresholds, 25 GeV and 30 GeV. For this measurement the same lepton identificatuion
cuts and trigger described in the previous section has been used, and the same strategy
to select W candidates in the onclusive cross section analysis. QCD background is
obtained from data using a binned extended maximum likelihood fits performed over
the /ET distribution, while the shape for Drell-Yan and other electroweak background
are obtained from simulation. Figure 4 shows a comparison of these asymmetries to
predictions from the MSTW2008NLO PDF model [11] and the CT10W PDF model [12].
CMS data suggest a flatter pseudorapidity dependence of the asymmetry than the PDF
models studied.

4. – The top physics

At the LHC, the tt̄ production mechanism is expected to be dominated by a gluon
fusion process, whereas at the Tevatron, top-quark pairs are predominantly produced
through quark-antiquark annihilation. Measurements of top quark production at the
LHC are therefore important new tests of our understanding of the tt̄ production mech-
anism. These measurements are also crucial components in the LHC physics program,
since many signatures of new physics models accessible at the LHC either suffer from
top-quark production as a significant background or contain top quarks themselves.

4
.
1. Top cross section measurement . – The cross section for top quark-antiquark

pair production has been measured in proton-proton collisions at
√

s = 7 TeV in the
data sample corresponding to 36 pb−1 of integrated luminosity collected by the CMS
experiment. In the standard model, a top quark decays nearly 100% of the time to
a W boson and a b quark. The decay of a tt̄ pair is categorized by the decay of the
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a) lepton pℓ
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and systematic uncertainties. The PDF uncertainty band is corresponding to the 90% confidence
interval (CI). The bin width for each data point is shown by the filled bars in fig. b). The data
points are placed at the centers of pseudorapidity bins, except that for display purposes the first
three data points are shifted +0.025 (−0.025) for electron (muon).

W bosons produced by the pair. Thus the channel in which both W bosons decay to
leptons is referred to as the “dilepton” channel, and the channel in which one W decays
to leptons and the other to quark jets is the “lepton+jets” channel. The channel in which
both W bosons decay to jets is called the “all hadronic” channel. CMS has performed
the measurements on both dileptons [13] and leptons+jets sample [14]. Here we report
the search in events with two energetic leptons (electrons or muons) in the final state.
Presence of the b quark jets in the top-quark decays is tested with a selection requiring
jets identified as coming from the b quarks. Results of the measurement in events with
and without b quark identification are compared and combined. For semplicity we will
only show plots and yields for events without an explicit b-tag requirement. Lepton
reconstruction and identification for this analyses are identical to the one descibed before.
We rely on single muon and electron trigger. In the event selection for the electron+jets
channel, at least one electron with transverse energy greater than 30 GeV and |η| less
than 2.5 is required, while muons in the muons+jets sample must have pT > 20 GeV and
|η| < 2.1. Selected jets are required to have a jet-energy-scale-corrected pT > 30 GeV,
|η| < 2.4, and must be separated by ∆R > 0.3 from isolated electrons and ∆R > 0.1
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Table II. – Expected signal and background contributions compared to the number of events

observed in data passing full selection with at least two jets and without a b-tagging requirement.

Contributions from Drell-Yan and events with non-W/Z leptons are estimated from data and

are quoted with statistical and systematic uncertainties combined. All other contributions are

estimated from simulation.

Source e+e− µ=µ− eµ

Dilepton tt̄ 14.6 ± 1.2 ± 2.3 18.3 ± 1.4 ± 2.8 52.5 ± 3.3 ± 8.1

V V 0.3 ± 0.1 0.3 ± 0.1 0.9 ± 0.3

Single top - tW 0.6 ± 0.2 0.7 ± 0.2 1.9 ± 0.6

Drell-Yan τtau 0.6 ± 0.2 0.5 ± 0.2 2.5 ± 0.9

Drell-Yan e−e−, µ+µ− 3.0 ± 1.8 7.4 ± 4.1 N/A

Non-W/Z leptons 1.1 ± 1.4 0.6 ± 1.1 1.4 ± 1.6

Total backgrounds 5.5 ± 2.3 9.5 ± 4.3 6.7 ± 2.0

Data 23 28 60

from isolated muons. There is a requirement of /ET > 30 GeV for the e+e− and μ+μ−

channels, while no /ET requirement for the eμ sample.
A summary of the expected number of signal and background events is compared with

the number of events observed in data in table II for events selected with at least two
jets. Good agreement is observed between the expectations and the number of events in
data in all channels. The background and signal expectations compared to the number
of events in data separately in events with a different jet multiplicity are shown in fig. 5
for events without a b-tagging requirement The tt̄ production cross section is measured
using

σ(pp → tt̄ ) =
N − B

AL
,

where N is the number of observed events; B is the number of estimated background
events for data whenever possible; A is the total acceptance relative to all produced tt̄
events, including the branching ratio to leptons, the geometric acceptance, and the event
selection efficiency already corrected for differences between data and simulation; and L
is the integrated luminosity.

The measurements in the three final states (e+e−, μ+μ−, eμ) and with and without
b-tag requirements can be combined assuming they all correspond to the same physi-
cal quantity of the total top-quark pair production cross section. The combination of
measurements in all three dilepton final states is found to be

(7) 168 ± 18(stat.) ± 14(syst.) ± 7(lum.) pb.

4
.
2. Top mass. – Many methods have been developed for measuring the top quark

mass mtop in the dilepton channel. The Matrix Weighting Technique (MWT) [15] has
been the first approach, other approaches were also been developed, for example the fully
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Fig. 5. – Jet multiplicity for events passing full dilepton selection criteria without b-tagging,
less the requirement on the number of jets compared to signal expectations from simulation,
Drell-Yan and non-W/Z lepton backgrounds estimated in data, and remaining backgrounds
estimated from simulation. The total uncertainty on the background contribution is displayed
by the shaded area. The distributions are for eµ and all final-states combined.

kinematic method (KIN) [16]. The average of the measurements in the dilepton channel
is mtop = 171.1 ± 2.5 GeV/c by Tevatron [17].

The reconstruction of mtop from dilepton events leads to an under-constrained system,
since the dilepton channel contains at least two neutrinos in the final state. For each tt̄
event, the kinematic properties are fully specified by 24 variables, which are the four-

Fig. 6. – Reconstructed mass distribution for the tt̄ dilepton events, for the KIN (left) and MWT
(right) methods. Also shown is the background shape (shaded) and the sum of background plus
MC simulations for mtop = 172.5 GeV/c2. The inset shows the likelihood fit used to determine
the top mass.
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momenta of the 6 particles in the final state. Of the 24 free parameters, 23 are known
from different sources: 14 are measured (the three-momenta of the jets and leptons, and
the two components of the /ET ) and 9 are constrained. The system can be constrained by
imposing the W boson mass to its measured value (2 constraints), by setting the top and
anti-top quark masses to be the same (1), and the masses of the 6 final state particles to
the values used in the simulation (6). This still leaves one free parameter that must be
constrained by using some hypothesis that depends on the method employed.

A subset of the events selected for measuring the top quark pair production cross
section is used to determine mtop. In the fully kinematic method KINb, the kinematic
equations describing the tt̄ system are solved many times per event for each lepton-jet
combination. In the analytical matrix weighting technique, the mass of the top quark is
used to fully constrain the tt̄ system. For a given top quark mass hypothesis, the con-
straints and the measured observables restrict the transverse momenta of the neutrinos
to lie on ellipses in the px-py plane. If we assume that the measured missing transverse
energy is solely due to the neutrinos, the two ellipses constraining the transverse mo-
menta of the neutrinos can be obtained, and the intersections of the ellipses provide the
solutions that fulfil the constraints.

The top quark mass is estimated with a likelihood unbinned fit of the experimental
mass distribution with the signal and background components, which maximizes the
probability that the data are described by a mixture of signal and background events for
both the methods. Figure 6 shows the reconstructed top quark mass in the data. The
combination of the two measurements yields

(8) mtop = 175.5 ± 4.6(stat.) ± 4.6(syst.) GeV/c2.

This CMS result is the first measurement of the top quark mas that not performed at
the Tevatron.
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Summary. — The top quark, discovered in 1995 at the Fermilab Tevatron collider
from CDF and D0 experiments, remains by far the most interesting particle to test
standard model. Having data collected more than 7 fb−1 of integrated luminosity of
pp̄ collision, both experiments have been studied the top quark in all the possible
directions. In this article, we present the recent measurements of the top quark
properties including the mass, width, spin correlation, and W helicity as well as
new particle searches using tt̄ signature.

PACS 14.65.Ha – Top quarks.

1. – Introduction

The top quark, observed by both the CDF and D0 experiments in 1995 [1], is by far
the heaviest known elementary particle and its mass is almost 40 times heavier than its
isospin partner, the bottom (b) quark [2]. Due to the heavy mass, the top quark plays an
important role in electroweak radiative corrections relating the top quark mass (Mtop)
and the W boson mass to the mass of the predicted Higgs boson [3,4]. The lifetime of top
quark is about 20 times shorter than the timescale for strong interactions, and therefore
it does not form hadrons, giving us a unique opportunity to study a “bare” quark.

Top quarks at the Tevatron are predominantly produced in pairs, and decay almost
always to a W boson and a b quark in the standard model (SM). The topology of tt̄ events
depends on the different decay of the two W bosons. In the dilepton channel, each W
boson decay to charged lepton (electron and muon) and neutrino. Events in this channel
thus contain two leptons, two b-quark jets, and two undetected neutrinos. Because of the
presence of two leptons, this channel has the lowest background. However the dilepton
channel has the smallest branching fraction. In the all-jets channel, each W boson decays
to two jets so that this channel contains two b quark jets and four light quark jets. This
channel has the largest branching fraction but also the largest background from QCD
multijet production. The lepton+jets channel has one W boson decaying leptonically
and the other hadronically so that we have one charged lepton, two b-quark jets, two
light quark jets, and one undetected neutrino. Because of the relatively large branching
fraction with manageable backgrounds, lepton+jets channel is considered as the “golden
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Fig. 1. – Summary of the top quark pair production cross section measurement from CDF (left)
and D0 (right) are shown. The results are compared with various NLO calculations.

channel” in the top quark studies. By this reason, the most results presented here use
the lepton+jets final state.

2. – Top quark pair production cross section measurement

The top quark pair production cross section at the Tevatron is calculated within
the SM to be 7.5+0.72

−0.63 pb for Mtop = 172.5 GeV/c2 in the next leading order (NLO)
calculation [5]. Deviations of the measurements from this value indicate non-perturbative
effects, or new production mechanism beyond the SM. Both CDF and D0 have very
precise measurements in the lepton+jets channel using neural network technique [6, 7]
taking advantages of the different kinematics between the signal and backgrounds. Since
a large uncertainty of the luminosity determination (about 6%), CDF Collaboration
employed the ratio measurement of tt̄ to Z-boson (σtt̄/σZ) converting to tt̄ cross section
with the theoretical Z boson cross section. With this approach, we obtained the most
accurate tt̄ cross section measurement at the Tevatron as 7.70 ± 0.52 pb [6] which is
less than 7% relative precision. Figure 1 shows a summary of CDF and D0 tt̄ cross
section measurements obtained using various different decay channels and techniques.
All measurements are excellently agreed with the SM predictions.

2
.
1. Boosted top search. – If the top quark is highly boosted, it would appear as a jet

with structure. CDF Collaboration has studied very high pT (pT > 400 GeV/c) jets and
isolates the top quark signal region using jet mass (130GeV/c2 < mjet < 210GeV/c2).
Because of the dominant QCD multijet production and low cross section of the boosted
top production, we just set the upper limit of σboost

tt̄
< 40 fb at 95% CL [8].

3. – Top quark mass and t-t̄ mass difference

The mass of the top quark is very important to estimate the SM Higgs boson because
precise top and W boson masses measurements can predict the mass of the Higgs boson
either SM or beyond SM. Since the discovery of the top quark, both the CDF and D0
experiments have been improving the precision of the Mtop measurement [9].

For the Mtop measurements, two primary techniques have been established. The
template method (TM) uses the distributions of variables (templates) which are strongly
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correlated with the top quark mass and JES. In the building of a probability, only a few
variables (usually less than two) are used, for instance reconstructed top quark mass and
dijet mass of hardronic decay W boson in the lepton+jets channel. The Matrix Element
Method (ME) uses event’s probability to be a combinates signals and background. ME
exploit all the information in the event by using a leading-order matrix element calcula-
tion convoluted with parton distribution function and transfer functions (TFs) making
connection between detector response and parton level particle. Because we can use
all the information of tt̄ production and decay in principle, ME usually provide better
precision of Mtop than TM. Both techniques employ likelihood to compare data to the
modeling of signals and background to extract Mtop .

CDF and D0 experiments have performed the Mtop measurements in the various final
states with different techniques. In the lepton+jets and all-jets channels the uncertainty
from jet energy scale (JES) can be reduced by using the reconstructed dijet mass from
hadronically decaying W boson with in situ calibration of JES. To date the most precise
measurement has been performed by CDF Collaboration using lepton+jets channel with
ME. We found Mtop = 173.0±1.2 GeV/c2 using 5.6 fb−1 of the data [10]. D0 carried out
the most precise Mtop measurement in the dilepton channel using TM. We built templates
of the reconstructed top quark mass distributions and extract Mtop = 173.3±3.2 GeV/c2

using 5.3 fb−1 data [11]. Figure 2 (left) shows the summary of the Mtop measurements and
the combination of the Tevatron Mtop measurements [9]. The precision, ∆Mtop/Mtop ∼

0.6%, is already surpassed the prediction of RunII experiments and close to the 1 GeV/c2.
We predict to reach less than 1 GeV/c2 precision by end of RunII with approximately
10 fb−1 data as shown in fig. 2 (right).

The precision determination of Mtop allows us to measure the mass difference between
top quark and anti-top quark to a few GeV. In the CPT theorem, which is fundamental
to any local Lorentz-invariant quantum field theory, the quark mass should be same as
its anti-quark partner. Despite the fact that no violations have ever been observed in
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the meson and baryon sectors, it is important to test CPT violation in all sectors such
as quarks and high mass particles.

D0 Collaboration has a first direct measurement of top quark and antitop quark
mass difference (δMtop) in the lepton+jets channel using the ME. In the matrix element
calculation, one assumes SM-like tt̄ production and decay, where identical particle and
antiparticle masses are assumed for b quarks and W bosons but not for top quarks.
Using 1 fb−1 of pp̄ collision data, we measure δMtop = 3.8 ± 3.7 GeV/c2 [12]. CDF
Collaboration measures the mass difference using the TM. We reconstruct the mass
difference using modified kinematic fitter allowing mass difference between hadronic top
quark and leptonic top quark. Using 5.6 fb−1 of pp̄ collisions, we measure δMtop =
−3.3 ± 1.7 GeV/c2 [13]. It is consistent with CPT symmetry at a 2σ level. This is the
most precise measurement of a quark and anti-quark mass difference.

4. – Study of other top properties

We have studied the top quark properties in various different ways using its unique
characteristics. Since top quarks decay before hadronization, information of the top
quarks is carried by the decay products. Therefore, we can directly determine the prop-
erties of the top quark.

Because of the short lifetime, a direct determination of the top quark lifetime is
extremely hard. However, we can calculate it from the decay width. CDF Collaboration
has a direct measurement of the top quark width (Γtop) using 4.3 fb−1 of pp̄ collision.
The Mtop and the mass of W boson that decays hadronically are reconstructed for each
event and compared with templates of different Γtop and deviations from nominal jet
energy scale (∆JES) to perform a simultaneous fit for both parameters, where ∆JES is
used for the in situ calibration of the jet energy scale. By applying a Feldman-Cousins
approach, we establish an upper limit at 95% confidence level of Γtop < 7.6 GeV and a
two-sided 68% CL interval of 0.3GeV < Γtop < 4.4GeV [14]. D0 Collaboration has an
indirect determination of Γtop using single top t-channel cross section and t → Wb/t →
Wq fraction measurements. The Γtop is calculated with quantum mechanical relation,

Γtop = σ(t−ch)

Br(t→bW )
·

Br(t→bW )SM

σ(t−ch)SM
. The result, Γtop = 1.99+0.65

−0.55 GeV, is the most precise

determination of the top quark width using experimental data sample and consistent
with SM [15].

The tt̄ spin correlation is predicted by the SM and a potentially sensitive discrimi-
nant of new physics coupled to the top quark. The spin state is observable in angular
correlations among the quark decay products. In the dilepton channel, we used the angu-
lar correlation between two leptons and measured consistent results with SM from both
CDF [16] and D0 [17] Collaborations. CDF Collaboration has a new measurement using
lepton+jets channel by introducing new technique which separate the down-type (d or s)
quark of hadronic decay W boson. Using the correlation between lepton and down-type
quark we measure the spin correlation coefficient κ = 0.72 ± 0.62 ± 0.26 using 5.3 fb−1

data. It is consistent with SM (κSM = 0.78) [18].

The SM predicts that the top quark decays almost entirely to a W boson and a bottom
quark, and that the Wtb vertex is a V − A charged weak current interaction. A conse-
quence of this is that approximately 70% of the top quark decay longitudinally, 30% of
the top quarks have left handed polarization (f0 = 70%, f− = 30%, f+ = 0%) [19]. Any
new particles involved in the same decay topologies and non-standard coupling could cre-
ate a different mixture of polarized W bosons. Therefore, a measurement of this fraction
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is a test of the V −A nature of the Wtb vertex. D0 Collaboration uses both lepton+jets
and dilepton channel simultaneously with 4.3 fb−1 data and extracts f+ = 0.02 ± 0.05
and f0 = 0.06±0.01 with the simultaneous fit of the two variables [20]. This is consistent
with SM at the 98% CL. CDF Collaboration has results in both lepton+jets [21] and
dilepton channels [22] which are also consistent with SM.

Several exotic physics models, such as SUSY and two Higgs doublet, predict flavor-
changing neutral current (FCNC) in the top decay. In the SM, this decay mode is highly
suppressed so, any signals from FCNC decay chain indicate an evidence of new physics.
FCNC decay of top quark (t → Zq) predict different final state of tt̄ with SM decays. D0
Collaboration uses trilepton final state (Z → ll and W → lν) using 4.1 fb−1 data. Based
on the data which is consistent with null signal of FCNC decay, we set the upper limit
of FCNC branching fraction as Br(t → Zq) < 3.3% at 95% CL [23]. CDF Collaboration
has a dilepton channel (Z → ll and W → qq) analysis using 1.9 fb−1 and set the 95% CL
upper limit of 3.7% [24].
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5. – New physics particle searches

The electroweak precision measurements did not prohibit the fourth generation of
quarks such as t′ (top-like quark) and b′ (bottom like quark). CDF and D0 Collaborations
have been searching the fourth generation t′ in a decay mode of t′ → Wq which was
preferred in case of a small mass splitting between t′ and b′. We use the reconstructed
t′ mass and HT to isolate signals. As one can see in fig. 3, both experiments have
approximately 2σ access in the t′ mass around 350 GeV/c2 [25, 26]. This is interesting
access of signal and might be figured out with larger data sample of 10 fb−1 at the end
of Run II in both experiments.

CDF Collaboration has searched the b′ in a decay mode of b′ → tW . We expect very
energetic and large jet multiplicity signature from b′b̄′ decay. We use HT categorized by
jet multiplicity to extract signal. Data consisted with null signal set the lower limit of
Mb′ > 385 GeV/c2 as one can see in fig. 4 (left) [27].

A more exotic model predicts t′ decay into tX where X is invisible particle of the
dark matter candidate. CDF Collaborations has searched pair productions of t′ decaying
into t and invisible. Taking advantage of large missing energy from signal, we extract
the exotic t′ signal from data which is consistent with null signal. We then set the 95%
CL limit of parameter space as shown in fig. 4 (right) [28].

6. – Conclusion

The CDF and D0 Collaborations have performed a robust set of analyses using many
techniques and improvements to have better understand the top quark nature. As a
result, we determine the Mtop with ∆Mtop/Mtop less than 0.7% and ∆σtt̄/σtt̄ less than 7%
precisions. By end of Run II, we expect ∼ 12 fb−1 of data delivered to both experiments
by the Tevatron which could be almost a double the data sample used in this report.
An ultimate precision of about Mtop less than 1 GeV/c2 will be possible. The other top
properties and new particle searches, which are mostly limited by statistics, have been
significantly improved and we may have surprising results.
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Summary. — We present new measurements of the forward-backward asymmetry
in tt̄ production, performed with 5 fb−1 of Tevatron pp̄ collisions at center of mass
energy 1.96 TeV, recorded and analyzed at CDF. Significant inclusive asymmetries
are observed in both the lepton+jets and the dilepton decay modes of the tt̄ pair.
In the dilepton mode, the asymmetry is observed in the reconstructed top rapidity,
and in the lepton rapidity difference which is independent of any top reconstruction.
In the lepton plus jets sample, the full reconstruction of the top kinematics is used
to measure the dependence of the asymmetry on the rapidity difference ∆y and
the invariant mass Mtt̄ of the tt̄ system, and the asymmetry is found to be most
significant at large rapidity and mass.

PACS 14.65.Ha – Top quarks.

1. – Introduction

Top quark pair production is a test of QCD at large momentum transfer. This strong
process is symmetric at leading order (LO), but has a small charge asymmetry (O(6%))
arising at order α3

s [1]. The top quark production angle or rapidity is measured in
reconstructed lepton+jets events and used to calculate the simple asymmetry AFB =
F−B
F+B

which is corrected for backgrounds, acceptance and resolution effects to yield a
“parton-level” asymmetry to be compared to theory.

In 2008 CDF and D0 published asymmetry measurements in the lepton+jets mode
with 1–2 fb−1 that both found large positive asymmetries with large uncertainties [2].
CDF has recently completed a new series of measurements in which we update the
sample to 5.3 fb−1 and explore both the lepton+jets and dilepton decay modes, and the
charge, rapidity, and mass dependence of the asymmetry [3, 4].

These measurements have stimulated a number of models for new interactions in the
top sector [5]. In one class of theories the gluon interferes with new axial s-channel
objects arising from an extended strong gauge group or extra dimensions. Consistency
with the measured top cross section and Mtt̄ distribution requires masses greater than
∼ 2 TeV/c2. Another broad class of theories posits potentially light t-channel objects with
non-standard u-t or d-t flavor couplings, with the asymmetry then arising from dominance
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of the flavor-change into the forward Rutherford peak. Although the asymmetry itself
is challenging to observe in the pp collisions of the LHC, many of these theories predict
other new phenomena that can be detected at the Tevatron and LHC.

2. – Inclusive measurement in lepton+jets mode

We select 1260 “lepton+jets” events with a central e or µ with pT > 20 GeV,
�ET > 20 GeV, four or more jets with ET > 20 GeV, and at least one secondary ver-
tex “b-tag”. Non-tt̄ background shapes and normalizations are understood in precision
tt̄ cross-section measurements [6] which predict 283±91 non-tt̄ events. The tt̄ kinematics
are reconstructed with a χ2-based comparison of the jet-parton matching and neutrino
solutions along with the constraints that MW = 80.4GeV/c2, Mt = 172.5GeV/c2, and
b-tagged jets are matched to b-partons.

We measure the frame-independent rapidity difference of the leptonic and hadronic
top decay systems, ∆ylh. When weighted by the lepton charge q, this gives the top-
antitop rapidity difference: q∆ylh = q(yl − yh) = yt − yt̄ = ∆y. In the limit of small tt̄
system pT this is simply related to the top quark rapidity in the tt̄ rest frame: ytt̄

t = 1

2
∆y.

The total asymmetry in the tt̄ rest frame is

Att̄ =
N(∆y > 0) − N(∆y < 0)

N(∆y > 0) + N(∆y < 0)
.(1)

In QCD at NLO, a small charge asymmetry arises from the interference of qq̄ processes
behaving differently under charge conjugation. We use mcfm to predict a parton-level
asymmetry of 0.058 ± 0.009. We also use the event generator mc@nlo with the CDF
detector simulation and standard non-tt̄ background models to predict a “data-level”
asymmetry of 0.017 ± 0.004. (mcfm and mc@nlo calculations include 15% scale de-
pendence uncertainty.) The data-level prediction is less than the statistical error of the
current data set, so Pythia remains a good approximation of the standard model. To
test our methods in the presence of large asymmetries we developed a simple coloron
model with madgraph and the CDF simulation, tuning the octet mass and couplings
to produce an inclusive asymmetry similar to the data while minimizing the impact on
Mtt̄ and the tt̄ cross-section.

The left plot in fig. 1 shows the distribution ∆y in the data compared to Monte Carlo
predictions. In the data, Att̄ = 0.057 ± 0.028. The ∆ylh asymmetries in the separate
lepton-charge species (not shown) are Att̄

+ = 0.067 ± 0.040 and Att̄
−

= −0.048 ± 0.039.
With large errors, these are equal in magnitude and opposite in sign, as expected for a
CP conserving charge asymmetry.

The ∆y distribution can be corrected to the tt̄ “signal-level” by subtracting back-
grounds. Further correcting the signal for selection, acceptance, and resolution distor-
tions provides “parton-level” measurements that can be compared to theoretical predic-
tions. The correction is a simple linear unfold of ∆y using a response matrix based on
Pythia, and tested on an alternate Pythia sample, mc@nlo, and the color octet models.
The raw and corrected asymmetries are shown in table I. At all levels the asymmetry
exceeds the prediction with modest significance. The signal level is consistent with the
value of 0.08 ± 0.04 recently reported by D0 [7]. The corrected q∆y distribution can be
used to calculate a crude rapidity dependent asymmetry in two bins of q∆y. In the tt̄
rest frame we measure fully corrected asymmetries of Att̄(|∆y| < 1.0) = 0.026 ± 0.118
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Fig. 1. – Charge-weighted rapidities and asymmetries in data and models. Left: ∆y. Right:
−qyh.

and Att̄(|∆y| ≥ 1.0) = 0.611 ± 0.256, compared with mcfm predictions of 0.039 ± 0.006
and 0.123 ± 0.008 for these ∆y regions respectively.

3. – Asymmetry in dilepton mode

CDF has recently measured the inclusive tt̄ forward-backward asymmetry in the dilep-
ton decay mode [4]. We select 334 events with two opposite sign central leptons (e or
µ) with pT > 20 GeV and mass inconsistent with a Z-boson mll = [75, 105] GeV/c2,
�ET > 25 GeV, two or more jets with ET > 20 GeV, and total scalar energy Ht > 200 GeV.
The non-tt̄ background is estimated to be 87 ± 17 events.

The difference of the lepton pseudo-rapidities ∆η = η+ − η
−

, is correlated with ∆y
and has none of the multijet, �ET, and b-tagging vagaries of the lepton+jets sample. We
define the inclusive asymmetry

A∆η =
N(∆η > 0) − N(∆η < 0)

N(∆η > 0) + N(∆η < 0)
.(2)

The A∆η measurement is tested in large Z-boson samples as a function of associ-
ated jet multiplicity and yields the expected electroweak asymmetries with very good

Table I. – Summary of lepton+jet asymmetries Att̄
at data, signal, and parton level.

Sample Level Att̄

data data 0.057 ± 0.028
mc@nlo tt̄+bkg 0.017 ± 0.004

data signal 0.075 ± 0.037
mc@nlo tt̄ 0.024 ± 0.005

data parton 0.158 ± 0.074
mcfm parton 0.058 ± 0.009
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Table II. – Asymmetries A∆η
in the dilepton selection. Statistical errors only.

Selection = 0 jets = 1 jet ≥ 2 jets

reco data −0.038 ± 0.047 0.040 ± 0.057 0.138 ± 0.054
mc@nlo −0.026 ± 0.037 −0.009 ± 0.053 −0.022 ± 0.022

precision. With the top like selection including Z-veto and missing ET , we measure in
∆η while controlling the multiplicity of jets. Events with 0 jets are dominated by W -pair
production, while those with 1 jet are a mix of WW , Drell-Yan, Z → ττ , and W+ jets
with a fake lepton. Events with 2 jets are the tt̄ selection. A∆η for each category, along
with the prediction, are shown in table II. The background dominated 0 and 1 jet events
have small asymmetries consistent with prediction (and 0), while the tt̄ dominated 2 jet
sample shows a significant positive asymmetry. The ∆η distribution in the 2 jet sample
is shown in fig. 2.

A simple transformation to the parton-level value is derived based on the minimal
assumption that A(∆y) is proportional to ∆y. The reconstructed parton level asymme-
try is found to be Att̄ = 0.475 ± 0.114. The asymmetry is positive by ∼ 3σ, like the
lepton+jets sample. The asymmetries of the dilepton and lepton plus jets samples differ
by 1.7σ

4. – Mass dependence in lepton+jets mode

We generally expect the Mtt̄ dependence to contain information on the fundamental
asymmetry mechanism. The NLO QCD asymmetry grows linearly to 15% at Mtt̄ ∼
800GeV/c2 and other models predict alternative mass dependences [5]. Using the full
reconstruction in the lepton+jets sample, a mass-dependent asymmetry Att̄(Mtt̄) is found
by dividing the data into bins of mass Mtt̄,i and examining the ∆y distribution in each:

Att̄(Mtt̄,i) =
N(∆y > 0, Mtt̄,i) − N(∆y < 0, Mtt̄,i)

N(∆y > 0, Mtt̄,i) + N(∆y < 0, Mtt̄,i)
.(3)

Fig. 2. – ∆η distribution in the 2-jet top selection. A∆η = 0.138 ± 0.054.
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The measured Att̄(Mtt̄,i) is shown on the left in fig. 3, compared to the prediction
(mc@nlo + bkg). At high mass the asymmetry is consistently above the prediction. To
quantify Att̄(Mtt̄) in a simple, statistically robust way, we use a compact representation
of Att̄(Mtt̄,i) into just two Mtt̄ bins, below and above a given mass boundary. In the

color-octet samples, which have Att̄(Mtt̄,i) distributions that are comparable to the data,
the significance of the asymmetry at high mass is maximized when the bin division is at
Mtt̄ = 450GeV/c2, and we adopt this boundary.

The first lines of table III show the high and low mass asymmetries and the mc@nlo

prediction. At low mass the asymmetry is consistent with zero. At high mass the
reconstructed asymmetry Att̄ = 0.210 ± 0.049 is more than three standard deviations
above the prediction. The right panel in fig. 3 shows the ∆y distribution for the Mtt̄ >
450GeV/c2.

The asymmetries in ∆ylh for separate lepton charge species are given in the bottom
part of table III. Under the interchange of lepton charge, the asymmetry at high mass
is reversed in a manner consistent with CP conservation. This argues against a false
positive arising in event selection or tt̄ reconstruction, as neither contains information on
the lepton charge.

5. – Asymmetry in the laboratory frame

The well-measured rapidity of the hadronic top decay system yh, multiplied by the
opposite of the lepton charge, yields the top rapidity in the laboratory frame. The

Table III. – Asymmetries at the data-level in the l+jets sample. Data has statistical errors only.

Selection All Mtt̄ Mtt̄ < 450 GeV/c2 Mtt̄ ≥ 450 GeV/c2

reco data 0.057 ± 0.028 −0.016 ± 0.034 0.210 ± 0.049
mc@nlo 0.017 ± 0.004 0.012 ± 0.006 0.030 ± 0.007

A+

lh 0.067 ± 0.040 −0.013 ± 0.050 0.210 ± 0.066
A−

lh −0.048 ± 0.039 0.020 ± 0.047 −0.210 ± 0.071
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Table IV. – Reconstruction level asymmetries App̄
in the laboratory frame. Data has statistical

errors only.

Selection All Mtt̄ Mtt̄ < 450 GeV/c2 Mtt̄ ≥ 450 GeV/c2

data reco 0.073 ± 0.028 0.059 ± 0.034 0.103 ± 0.049
mc@nlo +bkg 0.001 ± 0.003 −0.008 ± 0.005 0.022 ± 0.007

A+

h −0.070 ± 0.040 −0.028 ± 0.050 −0.148 ± 0.066

A−

h 0.076 ± 0.039 0.085 ± 0.047 0.053 ± 0.072

inclusive −qyh distribution is shown in the right plot of fig. 1 and the data level asym-
metries are shown in table IV. Because the backgrounds in the lab frame enter with a
negative asymmetry, the predicted lab frame asymmetry is App̄ ∼ 0. The measurement
is 2.6σ above that prediction. The NLO effect predicts that App̄ < Att̄, which is not seen
in the inclusive measurement, although the uncertainty is large. At high mass, the ratio
App̄/Att̄ = 0.49 ± 0.23 is less than the mc@nlo prediction of 0.74, but the uncertainty
is again large. With improved precision, the ratio App̄/Att̄ may provide discrimination
between NLO QCD and other models for the asymmetry.

6. – Conclusion

A significant forward-backward asymmetry is measured in inclusive tt̄ production in
two different decay modes. In the lepton+jets mode, there is evidence that the asymmetry
arises from the small population of events at large ∆y and Mtt̄, and a suggestion that
asymmetries in the lab frame and tt̄ frame contain independent information. If the
asymmetry is real it could be evidence for new interactions in the top sector or unexpected
behavior of QCD at higher order.
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Summary. — We present the recent results on the search for the low mass Higgs
boson at the Tevatron by the CDF and DØ Collaborations. With up to 5.9 fb−1

of data analyzed at CDF and up to 6.7 fb−1 at DØ, the 95% C.L. upper limits on
Higgs boson production are factors of 1.56 times the values of the standard model
cross section for a Higgs boson mass of mH = 115 GeV/c2.

PACS 14.80.Bn – Standard-model Higgs bosons.

1. – Introduction

The Higgs boson is the last unobserved particle postulated in the standard model,
and could help explain the origin of mass in the universe. A longstanding key objective in
observing the Higgs boson is to probe the mechanism of electroweak symmetry breaking.
The direct search from LEP and global fit of precision electroweak data constrain the
Higgs mass between 114.4 GeV/c2 and 186 GeV/c2 at 95% C.L., which therefore places
the SM Higgs boson within the Tevatron’s reach. With a full dataset and improved
analysis the Tevatron could add crucial information about H → bb̄, which is more difficult
to detect at LHC. Not seeing a low mass Higgs guarantees that there might be new physics
waiting to be found at LHC. Of course, it would be exciting if we started to see something
soon. We need to measure as many of its properties as possible since any new physics
may influence the Higgs boson’s production and decays.

The Tevatron is doing very well and has delivered more than 10 fb−1 data, with the
record luminosity exceeding 4.1 × 1032 cm−2 s−1. Additional 2 fb−1 data is expected by
the end of FY2011, which gives a final dataset close to 12 fb−1. In this report, we present
the recent results from the direct searches for the low mass SM Higgs boson at the
Tevatron [1]. Most results presented are based on 6 fb−1 data and major improvements
in the low mass searches are expected to be completed in the summer of 2011.

c© Società Italiana di Fisica 335
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Fig. 1. – SM Higgs production cross sections for pp̄ collisions at the Tevatron as a function of
the Higgs boson mass.

2. – Search strategies and analysis techniques

The dominant Higgs production processes from pp̄ collisions at the Tevatron are gluon-
gluon fusion and associated production with either a W or Z boson. The cross sections
for the production of SM Higgs bosons are summarized in fig. 1, and the branching
fractions for the most relevant decay modes of the SM Higgs boson are shown in fig. 2 as
a function of the Higgs boson mass between 100 and 200 GeV/c2. For Higgs masses above
135 GeV/c2, the Higgs boson will decay predominantly into WW ∗ which will be covered
elsewhere [2]. For Higgs masses below 135 GeV/c2, the Higgs boson predominantly decays
into bb̄, which makes the associated production with W and Z semileptonic decay most
assessible at the Tevatron while the direct production gg → H → bb̄ is limited by the
multi-jet QCD background. The detection of H → bb̄ is difficult at LHC due to a large
tt̄ background and it needs to rely on H → γγ instead [3].
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For the low mass Higgs boson signatures we look for a dijet mass resonance from
the Higgs boson decay associated with the W or Z boson, where the W decays into
lν and Z → νν̄, l+l−, which gives final states of either lνbb̄, νν̄bb̄, or l+l−bb̄. Just to
set the scale on how rare these processes are, we would expect 30 WH → lνbb̄ events,
15 ZH → νν̄bb̄ events, 5 ZH → l+l−bb̄ events, respectively, per fb−1 per experiment
for Higgs mass at 115 GeV before any detector acceptances. At the same time, the
backgrounds are W + jets, tt̄, single top, and diboson, and are copiously produced at
a rate many orders of magnitude greater. The challenge is to separate the small signal
from the huge background using multivariate analysis techniques. Recent observations
of single top [4,5] and diboson [6,7] provide solid evidence that these advanced tools do
work.

The strategies we employed for the low mass Higgs search are quite similar for the
corresponding CDF and DØ analyses. The primary gains in recent years are mainly from
improved signal acceptance, more triggers, loose lepton identification, better b-tagging,
improved dijet mass resolution, and advanced analysis techniques, which we will go over
in some detail. These are essential for the low mass Higgs searches.

The first thing we can do to improve the acceptance is to improve lepton identification
and corresponding triggers. For example, selecting high-PT leptons with multivariate
lepton identification could gain 20% more Z’s than a simple cut-based selection. We also
gain lepton acceptance by including the loose muon as an isolated track from ET/ + jets
triggers.

Identifying b-quark jets is another way to reduce backgrounds that do not contain
heavy flavor content. The typical b-tag efficiency is between 50 and 70% for the b-jets,
with the mistag rate ranging between 1 and 6% for the light flavor jets. Requiring b-
tagging for both jets would significantly reduce the background from both charm and
mistags in the W + jets.

We can also improve the dijet mass by combining the calorimeter and tracking infor-
mation with a neural network [8]. The new b-jet neural network correction improves the
dijet mass resolution from 15% to 11% for the mass ranges we are interested in.

Finally, we could be more aggressive by employing advanced multivariate techniques
to suppress the background since we know exactly what we are looking for. For example,
the leading order matrix element (ME) is used to calculate event probabilities based
on a set of observed inputs and likelihood ratios with respect to other backgrounds.
Alternatively, these inputs could be fed into an artificial neural network (NN) or boosted
decision tree (BDT) to find a discriminant variable. A typical improvement of using the
advanced multivariate techniques is about 25% with respect to using a single variable,
such as dijet mass.

3. – Highlights of the low mass searches

We will describe the searches performed by the CDF and DØ Collaborations for the
low mass Higgs boson in some detail.

3
.
1. Search for WH → lνbb̄. – One of the gold channels for the low mass Higgs

boson search is the Higgs production association with a W boson, where the W decays
semileptonically and the Higgs boson decays into bb̄ [9, 10]. We select events with one
isolated high PT lepton (electron, muon, or isolated track), and two jets, with one or
more b-tagged jets, identified as containing a weakly decaying B hadron. Selected events
must also have a significant imbalance in transverse momentum as missing transverse
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Fig. 3. – The Bayesian Neural Network Output is shown from the CDF WH → lνbb̄ analysis.

energy or ET/ . Events with more than one isolated lepton are vetoed. For multivariate
discriminants, CDF and DØ use slightly different multivariate techniques. CDF trained a
Bayesian neural network discriminant (BNN) at each Higgs mass in W +2jets, separately
for each lepton and b-tagging category, while for the three jet sample a ME discriminant
is used. DØ trained the Random Forest Decision (RFD) discriminant separately for both
W + 2 and 3 jets for each Higgs mass.

Figure 3 shows the BNN output in double tight tagged W+2jet at CDF and fig. 4
shows the RFD output in double tagged W + 2jets from DØ. Both data are consistent
with the background expectations. The expected Higgs signals are also shown, but
rescaled by a large factor.
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Since there is no excess of signal observed in the data, we can set an upper limit at
95% C.L. on the Higgs production cross section times branching ratio with respect to
the SM predictions as a function of Higgs mass. For mH = 115 GeV/c2, CDF set an
observed (expected) limit at 3.3 (3.1) × SM while DØ set a limit at 4.1 (4.8) × SM. We
are not yet competitive for a single channel, and we need to combine all other channels
and both CDF and DØ results together.

3
.
2. Search for ZH → l+l−bb̄. – Another interesting channel to pursue in the search

for the Higgs boson is the Higgs production associated with a Z boson, where the Z
boson decays into a charged lepton pair and the Higgs boson decays into bb̄ [11,12]. This
channel has a low event yield due to a small branching fraction of Z → e+e−, µ+µ−,
but it provides a clean signature. We select two high PT leptons from Z+ 2jet. DØ’s
ZH → l+l−bb̄ analyses separate events into non-overlapping samples of events with one
and two b-tags. CDF separates events into single tag, double tag, and loose double tag
samples. To increase signal acceptance DØ has loosened the selection criteria for one of
the leptons to include either an isolated track not reconstructed in the muon detector
or an electron from the inter-cryostat region. CDF has added additional sub-channels
for candidate events with two loose muon candidates selected using a neural network
discriminant. For the DØ analysis the random forests of decision trees provide the
final variables for setting limits, while CDF utilizes outputs of two-dimensional neural
networks. These networks incorporate likelihoods based on event probabilities, which are
obtained from ME calculations as additional inputs.

Figure 5 shows the NN output 10% slice along Z+jets vs. ZH in double tags from
CDF. Figure 6 shows the RFD output in double tags from DØ. Again, the data agree
quite well with the background expectation. CDF has a few candidates that are very
Higgs-like, but it is not statistically significant yet. CDF is able to set an observed limit
at 95% C.L. at 6.5× SM while at 8.0× SM for DØ with comparable expected sensitivity
to 6 × SM for mH = 115 GeV/c2.

3
.
3. Search for V H → νν̄bb̄. – We also have looked for the Higgs boson in the ZH

channel where the Z decays into two neutrinos, or WH where the lepton from the W
decay is undetected [13, 14]. The channel has a large signal rate, and it has a large
QCD multijet background as well. However, the final state is relatively clean, contain-
ing two b-jets and large ET/ . We require ET/ > 50 GeV and two b-tagged jets. Both
CDF and DØ analyses use a track-based missing transverse momentum calculation as
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a discriminant against false ET/ . In addition both CDF and DØ utilize multivariate
techniques, a boosted decision tree at DØ and a neural network at CDF, to further dis-
criminate against the multi-jet background. Figure 7 shows the boosted decision tree
discriminant distribution used by DØ for rejecting multi-jet QCD backgrounds before
b-tagging.

The final discriminant is obtained by combining dijet mass, track ET/ and other
kinematic variables, shown in fig. 8. Again there is no Higgs signal observed. CDF set
an observed limit at 95% C.L. at 2.3 × SM, compared to 4.0 × SM expected. D0 set an
observed limit at 3.4 × SM with 4.2 × SM expected for Higgs mass at 115 GeV/c2.

3
.
4. Other searches. – Due to time constraints, we did not get a chance to show

the results from other searches that are still one order of magnitude away from the SM
predictions. They are V H → jjbb̄, ttH, H → τ+τ−, and H → γγ. For more information,
you are welcome to check out CDF and DØ public web pages at

– http://www-cdf.fnal.gov/physics/new/hdg/Results.html

– http://www-d0.fnal.gov/Run2Physics/ResultsWinter2011.html.
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Fig. 7. – The boosted decision tree discriminant distribution for rejecting multi-jet QCD back-
ground used by the DØ ZH → νν̄bb̄ analysis.
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4. – The Tevatron combination

We performed two types of combinations, using Bayesian and Modified Frequentist
(CLs) approaches [1], which yield results that agree within 10% to gain confidence that
the final result does not depend on the details of the statistical method. Both methods
rely on distributions of final discriminants, not just on event counts, for their likelihood
calculations. Systematic uncertainties are treated as nuisance parameters with truncated
Gaussian distributions.

The combinations of results of each single experiment, as used in the Tevatron combi-
nation, yield the following ratios of 95% C.L. observed (expected) limits to the SM cross
section: 1.79 (1.90) for CDF and 2.52 (2.36) for DØ at mH = 115 GeV/c2. Figure 9
shows the Tevatron combination after combining CDF and DØ together. We start to
exclude the Higgs mass at the low end between 100 < mH < 109 GeV/c2. We obtain
the observed limit of 1.56 with expected 1.45 for mH = 115 GeV/c2. The observed
and median expected ratios are listed for the tested Higgs boson masses in table I for
mH ≤ 150 GeV/c2, as obtained by the Bayesian and the CLs methods.

The combined results we presented significantly extend the individual limits of each
collaboration and those obtained in our previous combination. The sensitivity of our
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Table I. – Ratios of expected and observed 95% C.L. limit to the SM prediction for the combined

CDF and DØ data as a function of the Higgs mass, obtained with the Bayesian and the CLs

method.

Bayesian 100 110 115 120 130 140 150
Expected 1.20 1.36 1.45 1.69 1.76 1.57 1.25
Observed 0.64 1.02 1.56 1.95 2.23 2.07 1.93

CLs 100 110 115 120 130 140 150
Expected 1.17 1.36 1.50 1.66 1.78 1.56 1.20
Observed 0.61 1.06 1.64 2.05 2.38 2.07 1.79

combined search is expected to improve significantly in the future as more data are
added and future improvements are made to our analysis techniques. We may start to
see some deviation between the observed and expected limits if the Higgs boson does
exist somewhere in the low mass range. In order to test that, we did the exercise of
injecting a standard model Higgs boson signal at mH = 115 GeV/c2 in several CDF low
mass channels. The new exclusion limit is shown in fig. 10, which jumps up like it had
a 1σ fluctuation on a rather large mass range, over the limits where the Higgs signal is
absent. The effect would be more pronounced with more channels including DØ’s.

5. – Future prospects

Figure 11 shows the higgs sensitivity obtained over time from CDF, which improves
better than 1/

√
L. The sensitivity has been improved more than a factor of 2 since 2005.

The shaded band is what we expected with future improvements. Figure 12 shows the
luminosity required to achieve the expected number of sigma as a function of the Higgs
boson mass. With 10 fb−1 data, the Tevatron could exclude a significant fraction of the
low mass Higgs allowed region.
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6. – Conclusion

We present the recent results of searches for a low mass standard model Higgs boson
by the CDF and D0 experiments at the Tevatron pp̄ collider at

√
s = 1.96 TeV. The data

correspond to an integrated total luminosity up to 5.9 (CDF) and 6.7 (D0) fb−1 of pp̄
collisions. No excess is observed above background expectation, and resulting limits on
Higgs boson production are a factor of 1.56 times the value of the SM cross section for
a Higgs boson mass of mH = 115 GeV/c2.

The Tevatron is doing remarkably well and has delivered an integrated luminosity
of more than 10 fb−1. Both CDF and D0 continue to add additional Higgs sensitivity
with “no channel too small” strategies. With a 10 fb−1 analyzable dataset and improved
analysis, the Tevatron could exclude a significant fraction of the low mass Higgs allowed
region by the winter of 2012. Unfortunately, the Tevatron is scheduled to shutdown at
the end of FY2011, but the ideas and techniques developed at the Tevatron will certainly
benefit LHC.
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Summary. — The Higgs mechanism accommodates the observed breaking of elec-
troweak symmetry in the standard model (SM). In addition to generating masses
for the electroweak W and Z bosons, as well as for fermions, the theory predicts a
new scalar Higgs boson with well-determined couplings, but unknown mass. Con-
firmation of the existence and properties of the Higgs boson would be a key step
in elucidating the origins of electroweak symmetry breaking. This paper summa-
rizes the status of the search for a high mass (mH > 135 GeV) SM Higgs boson at
Fermilab’s Tevatron pp̄ accelerator. In the absence of a Higgs signal the Tevatron
excludes at the 95% C.L. the production of a SM Higgs boson in the mass range of
158–175 GeV.

PACS 13.85.Rm – Limits on production of particles.
PACS 14.80.Bn – Standard-model Higgs bosons.

1. – High mass searches

No single Higgs search channel has reached SM sensitivity yet. Therefore, all feasi-

ble production and decay modes need to explored and combined. Since S
√

B
ratios are

generally very low, it is impossible to perform traditional cut-based analyses. Instead,

Multivariate Analysis Techniques (MVA) are required for signal extraction. This includes

Matrix Element (ME) calculations, Neural Networks (NN) and Boosted Decision Trees

(BDT) [1].

The main Higgs production mode at the Tevatron is through the gluon fusion process

(gg → H). Associated production (qq̄ → V H) and vector boson fusion (qq̄ → qq̄H)

contribute to a lesser degree:

– σ(gg → H) = 0.2–1 pb

– σ(qq̄ → V H) = 0.01–0.3 pb

– σ(qq̄ → qq̄H) = 0.01–0.1 pb.
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Fig. 1. – SM Higgs boson branching fractions as a function of the Higgs mass.

Figure 1 illustrates that for mH > 135 GeV the Higgs boson predominantly decays into

pairs of W vector bosons (H → WW ), which makes this decay mode the preferred mode

for high mass SM Higgs searches at the Tevatron. The case where both W vector bosons

decay leptonically presents the most sensitive final state (H → WW → lνlν). More

recently, the “semi-leptonical” final state has been incorporated (H → WW → lνqq).

The overall strategy of the Tevatron Higgs program is to create as many analysis sub-

channels as allowed by statistics, in order to tune multivariate discriminants on different

mixes of signal and background contributions. The following chapter gives an overview

of the high mass Tevatron Higgs search program.

1
.
1. gg → H → WW → lνlν. – This channel yields a final state with two oppositely

charged leptons (e, µ) and a large amount of missing transverse energy (MET) in the

calorimeter. Additionally, one can take advantage of spin correlations. Due to the scalar

nature of the Higgs boson, di-lepton pairs from signal tend to be more aligned, while

dilepton pairs from SM backgrounds are emitted back-to-back. Background from non-

resonant W pair production can be suppressed in this way (fig. 2).

Backgrounds from Drell-Yan processes (Z → ll) can be suppressed by cutting on

MET (fig. 3).

1
.
1.1. CDF Searches. Based on a 5.9 fb−1 data set, this analysis is split into 4 sub-

channels:

– By requiring no jets in the final state, the main background is due to WW pairs

(fig. 4). This sub-channel uses a likelihood ratio based on ME calculations as an

additional MVA input.
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– By requiring one jet in the final state, the main background is due to Drell-Yan

pairs. This sub-channel gains an additional ≈ 20% in signal from associated pro-

duction and vector boson fusion processes.

– By requiring at least two jets in the final state, the main background is due to

top pair production. This background is suppressed by requiring a tight secondary

vertex b-tag.

– Additional signal acceptance is recovered by creating a separate sub-channel for

events with low di-lepton invariant mass (Mll < 16 GeV). In this case the dominant

background is due to Wγ events.

NNs are used to extract the signal. Separate NNs are trained for each sub-channel and

each Higgs mass hypothesis. Figure 5 shows the NN distributions for the 0 jet sample.

1
.
1.2. DØ Searches. Various sub-channels are created by separating lepton final states

and jet multiplicities:

– Using 6.7 fb−1 of data the H → WW → eνµν analysis is further split into sub-

channels by jet multiplicity (0 jets, 1 jet, ≥ 2 jets). Z → ττ backgrounds dominate

in the 0 jets and 1 jet sub-channels, while tt̄ dominates in the ≥ 2 jets case.

– Using 5.4 fb−1 of data the H → WW → lνlν analysis is further split into sub-

channels by lepton flavor (ee-channel and µµ-channel). Z → ll and W + jets

backgrounds dominate.

Depending on the final-state lepton flavor composition different instrumental and physics

backgrounds as well as lepton momentum resolutions come into play. Therefore, separate

MVAs are trained for the ee, µµ and eµ sub-channels. In case of the ee and µµ sub-

channels NNs are used for signal extraction (fig. 6). The eµ sub-channel uses a BDT

(fig. 7).

1
.
2. Same-sign lepton and trilepton searches. – Events with same-sign leptons (WH →

WWW → l+(−)l+(−) + X) and three leptons (V H → V WW → lll + X) in the final

state originating from associated production processes are examined in a separate analysis

effort.
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Fig. 6. – NN output for the lνlν sample (l = e, µ).

1
.
2.1. CDF Searches. Based on a 5.9 fb−1 data set both same-sign and trilepton final

states are considered.

The trilepton final states are further split. A sample with same-flavor, opposite-sign

dilepton pairs (“inside of Z peak”) enhances sensitivity to ZH production, while a sample

with same-flavor, same-sign dilepton pairs (“outside of Z peak”) enhances sensitivity to

WH production. NNs are used for signal extraction.

1
.
2.2. DØSearches. Based on a 5.4 fb−1 data set same-sign lepton final states are

considered.

This analysis is further divided into sub-channels based on lepton flavors (ee, eµ, µµ).

Charge flip backgrounds are dominating, requiring good lepton charge ID. A BDT is

used for signal extraction.

1
.
3. Hadronic tau channel . – Based on a 5.9 fb−1 data set hadronic taus in the final

state are considered (H → WW → lντhadν).
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1
.
4. Semi-leptonic channel . – Based on a 5.4 fb−1 data set events with semi-leptonic

final states are considered (H → WW → lνqq) [2].

This analysis is split into two sub-channels by lepton flavor (e, µ). The large branching



SEARCH FOR A HIGH MASS SM HIGGS BOSON AT THE TEVATRON 351

fraction of hadronic W decays increases σ × BR by ≈ 6. However, large backgrounds

mainly from W +jets events require a good background model. By imposing a constraint

on the W mass it is possible to reconstruct the z-component of the neutrino momentum

(pz). This allows to reconstruct the Higgs mass for mH > 160 GeV (fig. 8). A Random

Forest is used for signal extraction (fig. 9).

2. – Combination and limits

No significant excess of signal-like events is observed in any of the aforementioned

search channels. Therefore, MVA outputs are used to set exclusion limits at the 95%

C.L. [3]. Combining results from both low mass and high mass SM Higgs searches, fig. 10,

shows the combined Tevatron exclusion limits. The production of a SM Higgs boson is

excluded at the 95% C.L. in the mass range of 158–175 GeV.

3. – Summary and outlook

The Tevatron limits presented so far are based on ≈ 6 fb−1 of data. When Tevatron

data taking has ended 10 fb−1 will be available for analysis. With this data set it will be

possible to have > 2.4σ expected sensitivity for Higgs masses of 100–200 GeV, and 3σ

expected sensitivity for mH = 115 GeV.

gg → H cross sections for this measurements are obtained from ref. [4] and ref. [5].

For more details concerning ingredients for the Tevatron Higgs search limits see ref. [6]

and ref. [7].
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Summary. — We discuss the exclusion limits set by the CDF and D0 experiments
on the Higgs sector from their Higgs boson searches at the Tevatron in the light of
large theoretical uncertainties that affect the signal (and background) production
cross sections. In the context of the Standard Model, when the theoretical uncer-
tainties stemming from strong (and to a much lesser extent, electroweak) interaction
effects are consistently taken into account, the sensitivity of the two experiments
becomes significantly lower and the currently excluded Higgs mass range could be
entirely reopened. In the Minimal Supersymmetric extension of the Standard Model
where the Higgs sector is enlarged to contain two doublet scalar fields, including the
theoretical uncertainties will also significantly loosen the constraints obtained at the
Tevatron on the supersymmetric Higgs sector parameter space.

PACS 14.80.Bn – Standard-model Higgs bosons.

1. – Introduction

The search for the Higgs bosons, the remnants of the spontaneous breaking of the
electroweak symmetry that is at the origin of the elementary particle masses, is the main
goal of present high-energy colliders. While a single Higgs boson is predicted in the
Standard Model (SM), the minimal realization of the symmetry breaking with only one
Higgs doublet field [1], the Higgs sector is extended in supersymmetric theories [2], that
are widely considered to be the most attractive extensions of the SM as they stabilize
the hierarchy between the electroweak and Planck scales induced by the large radiative
corrections to the Higgs boson mass. In the minimal extension, the Minimal Supersym-
metric Standard Model (MSSM) [2], two Higgs doublet fields are required, leading to the
existence of five Higgs particles: two CP-even h and H, a CP-odd A and two charged H±

particles [3, 4]. With its successful operation in the last years, the Tevatron pp̄ collider
has now collected a substantial amount of integrated luminosity which allows the CDF
and D0 experiments to be sensitive to theses Higgs particles and (for the moment) to set
exclusion limits on their masses.
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At the Tevatron, the main search channel for the SM Higgs boson is the top and
bottom quark loop mediated gluon-gluon fusion mechanism(1) gg → H with the Higgs
boson decaying into WW pairs which lead to the clean ℓνℓν̄ final states with ℓ = e, μ.
Strong constraints beyond the well established LEP bounds [5] have been recently set by
the CDF and D0 collaborations on the Higgs mass and the range MH = 158–175 GeV
has been excluded at the 95% confidence level (CL) [6].

Nevertheless, this exclusion limit relies crucially on the theoretical predictions for
the cross sections of both the Higgs signal and the relevant SM backgrounds which, as
is well known, are affected by significant uncertainties. In recent studies [7, 8], it has
been re-emphasized that this is indeed the case for the main Higgs search channel at
the Tevatron: adding all sources of theoretical uncertainties in a consistent manner, one
obtains an overall uncertainty of about ±40% on the gg → H → ℓνℓν̄ signal(2). This is
much larger than the uncertainty assumed in the CDF/D0 analysis, i.e. 10% for D0 and
20% for CDF, thus casting some doubts on the resulting exclusion limit.

In this talk, we confront the Tevatron exclusion Higgs limit with the theoretical
uncertainties that affect the signal and background rates. We show that when they
are included, the sensitivity of the CDF/D0 experiments is significantly lower than
the currently quoted one. We find the necessary luminosity that is required to re-
cover the current sensitivities to be substantially higher than the present luminosity.
In the case of the MSSM, we also consider the two main production and detection chan-
nels: gluon-gluon and bottom quark fusion leading to Higgs bosons (with possibly large
rates as a result of enhanced Higgs-bb̄ couplings) which subsequently decay into tau
leptons, gg, bb̄ → Higgs → τ+τ− and show that the theoretical uncertainties will also
significantly loosen the constraints obtained on the supersymmetric Higgs sector at the
Tevatron.

2. – Theoretical uncertainties

We start by summarizing the impact of the theoretical uncertainties on the gg → H
signal cross section [10] in the SM which has a threefold problem. First, the perturbative
QCD corrections to the cross section turned out to be extremely large: the K-factor
defined as the ratio of the higher order to the leading order (LO) cross sections, is about
a factor of 2 at next-to-leading order (NLO) and about a factor of 3 at next-to-next-
to-leading order (NNLO). It is clear that it is this exceptionally large K-factor which
presently allows sensitivity to the Higgs at the Tevatron. Nevertheless, the K-factor is so
large that one may question the reliability of the perturbative series and the possibility
of still large higher order contributions beyond NNLO cannot be excluded.

The effects of the unknown contributions are usually estimated from the variation
of the cross section with the (renormalisation μR and factorisation μF ) scale at which
the process is evaluated. Starting from a median scale μ0 which is taken to be μR =
μF = μ0 = 1

2
MH in the gg → H process, the current convention is to vary these two

scales within the range μ0/κ ≤ μR, μF ≤ κμ0 with the choice κ = 2. However, as the
QCD corrections are so large in the present case, it is wise to extend the domain of scale

(1) The subleading Higgs-strahlung processes qq̄ → WH, ZH add a little to the sensitivity, in
particular at low Higgs masses; they will not be discussed here.
(2) There are also uncertainties on the Higgs decay branching ratios, but they are very small
in the excluded MH range; see ref. [9].
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variation and adopt instead a value κ = 3. This is the choice made in ref. [7] which
resulted in an O(20%) scale uncertainty(3) on σNNLO

gg→H .

Another problem that is specific to the gg → H process is that, already at LO, it
occurs at the one-loop level with the additional complication of having to account for the
finite mass of the loop particle. This renders the NLO calculation extremely complicated
and the NNLO calculation a formidable task. Luckily, one can work in an effective field
theory (EFT) approach in which the heavy loop particles are integrated out, making the
calculation of the contributions beyond NLO possible. While this approach is justified for
the dominant top quark contribution for MH � 2mt, it is not valid for the b-quark loop
and for those involving the electroweak gauge bosons [12]. The uncertainties induced by
the use of the EFT approach at NNLO are estimated to be of O(5%) [7].

A third problem is due to the presently not satisfactory determination of the parton
distribution functions (PDFs). Indeed, in this gg initiated process, the gluon densities
are poorly constrained, in particular in the high Bjorken-x regime which is relevant
for the Tevatron. Furthermore, since σLO

gg→H ∝ α2
s and receives large contributions at

O(≥ α3
s), a small change of αs leads to a large variation of σNNLO

gg→H . Related to that
is the significant difference between the world average αs value and the one from deep-
inelastic scattering (DIS) data used in the PDFs [13]. There is a statistical method to
estimate the PDF uncertainties by allowing a 1σ (or more) excursion of the experimental
data that are used to perform the global fits. In addition, the MSTW collaboration [14]
provides a scheme that allows for a combined evaluation of the PDF uncertainties and
the (experimental and theoretical) ones on αs. In ref. [7], the combined 90% CL PDF +
∆expαs + ∆thαs uncertainty on σNNLO

gg→H at the Tevatron, was found to be of order 15%.
However, this method does not account for the theoretical assumptions that enter into
the parametrization of the PDFs. A way to access this theoretical uncertainty is to
compare the results for the central values of the cross section with the best-fit PDFs
when using different parameterizations.

On the left-hand side of fig. 1 are displayed the values of σNNLO
gg→H obtained when using

the gluon densities that are predicted by the four PDF sets that have parameterizations
at NNLO: MSTW [14], JR [15], ABKM [16] and HERAPDF [17]. As can be seen,
there is a very large spread in the four predictions, in particular at large MH where the
poorly constrained gluon densities at high-x are involved. The largest rate is obtained
with MSTW, but the cross section using the ABKM(4) set is ≈ 25%–30% lower than
that [18].

A related issue, which is of utmost importance, is the way these various uncertain-
ties should be combined. The CDF and D0 experiments simply add in quadrature the
uncertainties from the scale variation and the PDF uncertainties obtained through the
Hessian method (and ignore the smaller EFT uncertainty) and they obtain an overall
uncertainty of order 20% on the inclusive cross section. We believe (see also ref. [19]) that
this procedure has no justification(5). Indeed, the uncertainties associated to the PDFs

(3) See also ref. [11] for another reason to increase the scale uncertainty to 20%.
(4) In an earlier version of ref. [8], an error resulted in a HERAPDF prediction that was ≈ 40%
lower than that of MSTW. We thank Graham Watt for pointing to us the problem.
(5) There were some responses to the addendum of ref. [7] from CDF and D0 on the
tevnphwg.fnal.gov web site. While many comments were made on secondary and/or agreed
points, the main issue (which explains the difference between our results) is the way to combine
the scale and PDF uncertainties, and it was not really addressed.
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Fig. 1. – Left: the gg → H cross section as a function of MH when the four NNLO PDF
sets, MSTW, ABKM, JR and HERAPDF, are used; in the inserts, shown are the deviations
with respect to the central MSTW value. Right: σNNLO

gg→H at the Tevatron using the MSTW
PDFs, with the uncertainty band when all theoretical uncertainties are added as in ref. [7]
(BD); it is compared the uncertainties quoted by the CDF and D0 experiments [6] as well as
the uncertainty when the LHC procedure [20] is adopted; in the insert, the relative size of the
uncertainties compared to the central value are shown.

in a given scheme should be viewed as purely theoretical uncertainties (due to the theo-
retical assumptions in the parameterization) despite of the fact that they are presented
as the 1σ or more departure from the central values of the data included in the PDF fits.
In some sense, they should be equivalent to the spread that one observes when comparing
different parameterizations of the PDFs. Thus, the PDF uncertainties should be con-
sidered as having no statistical ground (or a flat prior in statistical language), and thus,
combined linearly with the uncertainties from the scale variation and the EFT approach,
which are pure theoretical errors. This is the procedure recommended, for instance, by
the LHC Higgs cross section working group [20]. Another, almost equivalent, procedure
has been proposed in ref. [7]: one applies the combined PDF-αs uncertainties directly
on the maximal/minimal cross sections with respect to scale variation(6), and then adds
linearly the small uncertainty from the EFT approach. This last procedure, that we have
used here, provides an overall uncertainty that is similar (but slightly smaller) to that
obtained with the linear sum of all uncertainties.

The overall theoretical uncertainty on σNNLO
gg→H that is obtained this way, using MSTW

PDFs, is shown on the right-hand side of fig. 2. In the mass range MH ≈ 160 GeV
with almost the best sensitivity, one obtains a ≈ +41%, −37% total uncertainty, to be
compared to the ≈ 10% and ≈ 20% uncertainties assumed, respectively, by the CDF
and D0 collaborations. We also show for comparison, the result obtained when one
adds linearly, i.e. as recommended by the LHC Higgs cross section working group, the
uncertainties from scale (+20%, −17% on the sum of the jet cross sections(7)) and PDFs

(6) A similar procedure has also been advocated in ref. [21] for top quark pair production.
(7) An additional uncertainty of ≈ 7.5% from jet acceptance is introduced when considering the
Higgs+jet cross sections. We will consider it to be experimental and, when added in quadrature
to others, will have little impact.
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Fig. 2. – The luminosity needed by the CDF experiment to recover the current sensitivity (with
5.9 fb−1 data) when the gg → H → ℓℓνν signal rate is lowered by 20 and 30% and with a ±10%
change in the pp̄ → WW dominant background.

(+16%, −15% when the MSTW 68% CL PDF + ∆expαs error is multiplied by a factor
of two following the PDF4LHC recommendation), leading to a total of ≈ +36%, −32%
for MH ≈ 160 GeV. Thus, the uncertainty that we assume is comparable to the one
obtained using the LHC procedure [20], the difference being simply due to the additional
O(5%) uncertainty from the use of the EFT approach that we also include.

3. – Emulation of the Tevatron limit

Let us now come to the discussion of the Higgs Tevatron exclusion limit in the light
of these theoretical uncertainties. We base our exploration on a CDF study [22] which
provides us with all the necessary details. In the analysis of the gg → H → WW → ℓℓνν
signal, the cross section has been broken into the three pieces which yield different final
state signal topologies, namely ℓℓνν +0 jet, ℓℓνν +1 jet and ℓℓνν +2 jets or more. These
channels which represent, respectively, ≈ 60%, ≈ 30% and ≈ 10% of the total σNNLO

gg→H [19],
have been studied separately (other channels are irrelevant in practice). Our main goal
is to estimate the necessary relative variation of the integrated luminosity needed to
reproduce the currently quoted sensitivity of the CDF collaboration, if the normalization
of the Higgs signal cross section (as well as the corresponding backgrounds) is different
from the one assumed to obtain the results. Our approach consists of the following.

First, we try to reproduce as closely as possible the CDF results using the information
given in ref. [22] for a mass MH = 160 GeV, for which the sensitivity is almost the best
(we will assume that the results are similar in the entire excluded mass range MH ≈

158–175 GeV). Then, we consider scenarios in which the normalisation of the Higgs
production cross section is reduced. We estimate the relative variation of the sensitivity
and increase the integrated luminosity until we recover our initial sensitivity. Finally,
we assume that the obtained relative variations of the sensitivity as well as the required
luminosity to reproduce the initial sensitivity, would be the same for the CDF experiment.

To be as close as possible to the CDF analysis and results [22], we considered their neu-
ral network outputs for all the search channels (each one for the signals, backgrounds and



358 A. DJOUADI

data) to build the background only and the background plus signal hypotheses, imple-
mented them in the program MClimit [23] and used a ratio of log-likelihood “à la LEP” as
a test-statistic for which we combined the above channels; this provided the 95% CL/σSM

sensitivity limit on the Higgs boson at the considered mass of MH = 160 GeV. We obtain
median expected and expected 95% CL/σSM limits that are satisfactorily close to the
those in the CDF analysis.

We consider two scenarios in which the gg → H → WW → ℓℓνν signal cross section
has been reduced by 20% and 30%. The first one is to account for the difference between
the quadratic and (almost) linear ways of combining the individual uncertainties. The
second scenario, would be simply to adopt the normalisation obtained using the ABKM
PDFs which gives a ≈ 30% reduction of σNNLO

gg→H . In both cases, the remaining ≈ 20%
uncertainty due to scale variation and the EFT will correspond to the overall theoretical
uncertainty that has been assumed in the Tevatron analysis.

In each case, the expected signals and the corresponding backgrounds at the Tevatron
have been multiplied by a luminosity factor that has been varied. For each value of the
luminosity factor, the corresponding median expected 95% CL/σSM has been estimated
and normalized to the initial sensitivity S0 = 1.35 obtained above. The results are
reported in fig. 2 where the Tevatron luminosity is shown as a function of the obtained
normalised sensitivity. One sees that if σNNLO

gg→H is lowered by 20%, a luminosity of ≈

8 fb−1, compared to 5.9 fb−1 used in [22] would be required for the same analysis to
obtain the current sensitivity. If the rate is lower by 40% (as it was the case with our
incorrect HERAPDF cross section), the required luminosity should increase to ≈ 13 fb−1,
i.e. more than a factor of two, to obtain the present CDF sensitivity.

As an additional exercise, we also analyzed the impact of changing the normalization
of the background rate by ±10% simultaneously with lowering the signal rate (the cor-
relation between signal and background is implicitly taken into account as we use the
results of [22]; we assume though that it is almost the same when another PDF set is
adopted). Indeed, it is clear that one should equally consider the same uncertainties in
the cross sections of the backgrounds, the by far largest one being pp̄ → W+W−. We
have evaluated it and found that the uncertainty, when evaluated according to ref. [7], is
≈ 10% larger that what CDF/D0 assume. In addition, if we adopt the ABKM set, one
would obtain a rate that is ≈ 10% higher than with MSTW [18]. We will thus consider
that σ(pp̄ → W+W−) can be ≈ 10% larger/lower than assumed by CDF/D0 and we
will consider a third scenario in which the normalization of the pp̄ → WW background
is changed by ±10%.

From fig. 2, one clearly sees that increasing/decreasing the background will de-
grade/improve the sensitivity and a ≈ 10% higher/lower luminosity would be required to
recover the sensitivity. Hence, the reduction of the signal by 30% and the increase of the
background by 10%, as would be the case if the ABKM PDFs were used for their nor-
malization, would reopen a large part of the mass range MH = 158–175 GeV excluded by
the CDF/D0 analysis with 12.6 fb−1 combined data. Hence, we face the uncomfortable
situation in which the Higgs exclusion limit depends on the considered PDF.

4. – The case of the MSSM

While a single Higgs boson is predicted in the SM, the Higgs sector is extended in
supersymmetric theories [2] to contain five Higgs particles: two [3, 4]. Two parameters
are needed to describe the Higgs sector at tree-level: the mass MA of the pseudoscalar
boson and the ratio of vacuum expectation values of the two Higgs fields, tanβ, that is
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Fig. 3. – Left: σ(pp̄ → A)×BR(A → τ+τ−) as a function of MA at the Tevatron, together with
the associated overall theoretical uncertainty. Right: contours for the expected σ(pp̄ → Φ →

τ+τ−) rate at the Tevatron in the [MA, tan β] plane with the associated theory uncertainties,
confronted to the 95% CL exclusion limit.

expected to lie in the range 1 � tan β � 50. At high tanβ values, tanβ � 10, one of the
neutral CP-even states has almost exactly the properties of the SM Higgs particle: its
couplings to fermions and gauge bosons are the same, but its mass is restricted to values
Mmax

H ≈ 110–135 GeV depending on some SUSY parameters that enter the radiative
corrections [4]. The other CP-even and the CP-odd states, that we will denote collectively
by Φ = A, H(h), are then almost degenerate in mass and have the same properties: no
couplings to gauge bosons, while the couplings to isospin down-type (up-type) quarks
and charged leptons are (inversely) proportional to tanβ.

Thus, for tanβ � 10, the Φ boson couplings to bottom quarks and τ -leptons are
strongly enhanced while those to top quarks are suppressed. As a result, the phenomenol-
ogy of these states becomes rather simple. To a very good approximation, the Φ bosons
decay almost exclusively into bb̄ and τ+τ− pairs with branching ratios of, respectively,
≈ 90% and ≈ 10%, while the other decay channels are suppressed to a negligible level [24].
The main production mechanisms for these particles are those processes which involve
the couplings to bottom quarks. At hadron colliders, these are the gluon-gluon fusion
mechanism, gg → Φ, which dominantly proceeds through b-quark triangular loops [25]
and bottom-quark fusion, bb̄ → Φ [26], in which the bottom quarks are directly taken
from the protons in a five active flavor scheme. The latter process is similar to the
channel pp̄ → bb̄Φ when no b-quarks are detected in the final state [27].

In ref. [28], we have updated the cross sections for the production of the MSSM
CP-odd like Higgs bosons Φ at the Tevatron in the processes gg → Φ and bb̄ → Φ and
found smaller rates in the high Higgs mass range compared to those assumed by the
Tevatron experiments [29]. We have then evaluated the associated theoretical uncertain-
ties, including also the ones in the Φ → τ+τ− branching fractions, and find that they are
very large; see the left-hand side of fig. 3. These uncertainties, together with the correct
normalization, affect significantly the exclusion limits set on the MSSM parameter space
from the negative Higgs searches in the channel pp̄ → Φ → τ+τ− at the Tevatron.

To visualize the impact of these theoretical uncertainties on the MSSM [MA, tan β]
parameter space that is probed when searching experimentally for the pp̄ → Φ → τ+τ−

channel, we show on the right-hand side of fig. 3 the contour of the cross section times
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branching ratio in this plane, together with the contours when the uncertainties are
included. We apply the model independent 95% CL expected and observed limits from
the CDF/D0 analysis [29]. However, rather than applying the limits on the central
σ×BR rate, we apply them on the minimal one when the theory uncertainty is included.
Indeed, since the latter has a flat prior, the minimal σ × BR value is as respectable and
likely as the central value. One observes then that only values tanβ � 50 are excluded
in the mass ranges, MΦ ≈ 95–125 GeV and MΦ � 165 GeV. In the intermediate range
MΦ ≈ 125–165 GeV, the exclusion limit is tanβ � 40–45, to be contrasted with the
values tanβ � 30 excluded in the CDF/D0 analysis. Hence, the inclusion of the theory
uncertainties has a drastic impact on the allowed [MA, tan β] parameter space.
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Summary. — This is the write-up of the talk presented at the XXV Rencontres de
Physique de La Valle d’Aoste (La Thuile), aimed to introduce the ideas of Composite
Higgs Models to an experimental audience. We review the basic features of theories
where the Higgs is a composite state and its phenomenological consequences at
LHC. We also emphasize the possibility of a heavy Higgs which could provide a first
experimental hint on this type of models.

PACS 12.60.-i – Models beyond the standard model.

1. – Introduction

When these proceedings are published the LHC will have hopefully found evidence of
the elusive Higgs boson, the only missing piece of the Standard Model (SM). Confirming
or rejecting the SM will however likely require significant more work. In this talk I will
review Composite Higgs Models (CHM) which are a realistic possibility for the physics
beyond the Standard Model. In this scenarios the Higgs boson is a Goldstone boson
(GB) of some strongly coupled dynamics, generalizing technicolor ideas. The presence
of a physical Higgs allows to obtain models which are in reasonable agreement with
experimental data and could be soon tested at the LHC.

2. – Weak or strong dynamics?

The basic question that the LHC will answer is whether the breaking of electro-weak
symmetry is due to weak or strong dynamics. In the SM the first option is realized and
electro-weak symmetry is broken spontaneously by a scalar doublet of hypercharge 1/2
which acquires a VEV,

H(x) = U(x)

(

0
v + h(x)

)

, v = 174GeV.(1)

c© Società Italiana di Fisica 363



364 M. REDI

U(x) is an SU(2) matrix and h a real scalar. U(x) describes the 3 GBs associated to
the breaking: these degrees of freedom are the longitudinal polarization of W and Z and
effectively they have been already discovered since we have measured their masses. One
important feature is that the Higgs Lagrangian has an approximate global symmetry
SO(4) ∼ SU(2)L ⊗SU(2)R broken spontaneously to SU(2)L+R by the Higgs VEV. This
symmetry, known as “custodial”, guarantees the correct ratio of W and Z masses at
tree level and is the starting point of any successful theory of electro-weak symmetry
breaking. The real scalar h(x) describes the physical Higgs and is the only missing piece
within the SM. If the SM is correct the only unknown is the Higgs mass, or equivalently
quartic coupling,

mh =
√

λ v.(2)

In principle a physical Higgs is not needed to break the electro-weak symmetry. In
this case the scattering amplitudes of longitudinal gauge bosons become strongly coupled
near the electro-weak scale,

A(W+

L W−

L → W+

L W−

L ) =
1

2 v2
(s + t),(3)

and perturbative unitarity is lost around Λ ∼ 2 TeV. This simply indicates that new
physics must appear below λ but does not require necessarily a Higgs particle.

Indeed electro-weak symmetry breaking without a Higgs is already realized in nature
once. In QCD with two massless flavors electro-weak symmetry is broken by the chiral
condensate

〈0|Ψ̄i
LΨj

R + Ψ̄i
RΨj

L|0〉 = Λ3
QCD δij −→ SU(2)L ⊗ SU(2)R

SU(2)L+R

.(4)

Famously the pions are the GB associated to the spontaneous breaking of chiral symmetry
and they would become longitudinal polarizations of W and Z in the absence of other
effects. The mass would be only mW ≃ gfπ ≃ 30 MeV. This clearly does not work
phenomenologically but the new strong interaction with the appropriate scale,

f =
√

2 v,(5)

could very well break the electro-weak symmetry and reproduce, because of the unbro-
ken SU(2)L+R symmetry, the known masses of W and Z bosons. This is the idea of
technicolor. In this case the longitudinal polarizations of W and Z are the technipions
associated to the chiral symmetry breaking of the technicolor theory. Their scattering,
as the one pions, is unitary because they are composite objects made of constituents
(techniquarks). There is no analog of the Higgs particle but we expect, in analogy with
QCD, techni-resonances of various spin which may also partially unitarize scattering of
W and Z.

We emphasize that this is the only truly satisfactory explanation of the separation of
fundamental scales that we are aware of. Starting from order one gauge couplings at a
high scale, perhaps the Planck scale Mp = 1019 GeV, the coupling grows in the infrared
due to the logarithmic running becoming non-perturbative at an exponentially smaller
scale. When this happens, similarly to QCD, we expect confinement to take place and
a mass gap to be generated. This phenomenon, known as dimensional transmutation,



THE NON-STANDARD MODEL HIGGS 365

 [GeV]HM

20 40 60 80 100 120 140 160

t
m

b
m

cm

W

W
M

)2

Z
(M

(5)

had

b

0
R

c
0

R

bA

cA

0,b

FB
A

0,c

FB
A

)
FB

(Q
lept

eff

2sin

(SLD)
l

A

(LEP)
l

A

0,l

FB
A

lep

0
R

0

had

Z

Z
M

 - 75

 + 71142

 - 25

 + 32
 99

 - 24

 + 31
 96

 - 24

 + 31
 96

 - 34

 + 75
116

 - 25

 + 62
 43

 - 24

 + 31
 96

 - 24

 + 31
 96

 - 24

 + 31
 96

 - 24

 + 31
 96

 - 25

 + 33
 68

 - 24

 + 30
 94

 - 24

 + 30
 94

 - 32

 + 40
122

 - 24

 + 31
 92

 - 26

 + 32
100

 - 25

 + 30
100

 - 25

 + 31
 97

 - 25

 + 32
 97

 - 26

 + 49
 61

 [GeV]HM

20 40 60 80 100 120 140 160

G fitter SM

N
o

v
 1

0

Fig. 1. – Central value of the Higgs mass removing different observables [1].

explains dynamically why the proton is so much lighter than Mp so that there is no
hierarchy problem in QCD. It is natural to suspect that a similar mechanism might be
at work for the electro-weak scale.

Sadly, at least the simplest versions of technicolor are ruled out: precision electro-
weak measurements are problematic and even worse the standard realization of fermion
masses generically leads to unacceptably large flavor changing neutral currents which are
excluded by experiments by many orders of magnitude.

The situation is very different in the SM. Due to the presence of the physical Higgs
there are new diagrams contributing to the scattering of longitudinal gauge bosons. For
example one finds,

A(W+

L W−

L → W+

L W−

L ) =
1

2 v2

[

s − s2

s − m2
h

+ (s → t)

]

,(6)

so that the amplitude does not grow indefinitely at high energies and the theory remains
weakly coupled above the electro-weak scale. Indeed, due to the fact that the theory is
renormalizable, it can mathematically be consistent up to very large energies with no
need for new physics.

However the SM has without doubts its weaknesses: hierarchy problem, dark matter,
origin of flavor and CP violation, etc. Moreover while the SM fits the data extremely well
it does not explain why electro-weak symmetry breaking happens. Of these arguments
only the first clearly requires new physic at the weak scale. This might be taken as a
theoretical prejudice by some so it is worth having a look at the data. The SM model
provides a reasonable fit though not perfect. Statistically the probability of the fit is
15% but if only observables most directly related to the Higgs are included this drops to
just 2%. In particular the b asymmetry, which is 3σ away from the SM value (the largest
deviation), is necessary to pull up the central preferred value of the Higgs mass, in any
case below the LEP exclusion limit, see fig. 1. This situation can only be improved with
new physics in the TeV range.
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3. – Composite Higgs

The idea of a composite Higgs is a natural extension of technicolor theories first
studied by Georgi and Kaplan in the ’80s and recently revived, see [2] for nice review and
references therein. Among the states of the strong sector there could be a scalar doublet
which plays the role of the Higgs. This relieves the SM naturalness problem because
quadratic divergences of the Higgs mass are physically cut off by the compositeness
scale. For example the top quadratic divergence

δm2
h ∼ 3y2

t

4π2
m2

ρ.(7)

As a consequence the electro-weak scale can be natural if mρ is not too large. Conceptu-
ally composite Higgs is similar to technicolor since mρ can be generated by dimensional
transmutation but the presence of a physical Higgs allows to improve significantly the
phenomenology as we will see.

This picture is particularly compelling when the Higgs is an approximate Goldstone
boson (GB) as it is massless at leading order and its existence is guaranteed by the
symmetries. In the simplest realization the strong sector has a global symmetry SO(5)
broken spontaneously to SO(4) ∼ SU(2)L ⊗ SU(2)R [3]. This delivers precisely 4 GBs
with the quantum numbers of the Higgs doublet and custodially symmetric interactions.
Other patterns of symmetry breaking can also be considered [4],

SO(6)

SO(4) ⊗ U(1)
,

SU(5)

SU(4) ⊗ U(1)
,

SU(5)

SO(5)
, + . . . ,(8)

leading to an extended Higgs sector. The interaction of GBs are determined by the
symmetries and by their decay constant f (analogous to the one of the pions) which is
related to the compositeness scale by

mρ = gρf,(9)

gρ being the coupling of the strong sector.
The Higgs cannot be an exact GB. In general GBs shift under the spontaneously bro-

ken symmetries and this symmetry is certainly not respected in the SM, being explicitly

broken by the SM Yukawas, gauge couplings and by the Higgs potential. The general
picture in these models is the following [6]: there is a strong sector which delivers various
resonances among which GBs with quantum numbers of the Higgs. At the level of the
strong sector the Higgs doublet might be an exact GB in which case it is massless. One
important ingredient of modern constructions is the mechanism of partial compositeness.
The SM fermions and gauge fields are mostly elementary states(1) which mix with states
of the strong sector as allowed by the SM gauge symmetry. This generates Yukawas,

y ∼ λL λR

gρ

.(10)

(1) For the top quark its large mass requires that at least one of the chiralities must be strongly
composite, in certain cases it can even be part of the strong sector.
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The mixings break explicitly the global symmetry of the strong sector that guarantees
the Higgs to be massless. As a consequence a potential is generated at loop level. The
main contribution to the potential is normally associated to the top which breaks the
global symmetry most strongly but one should keep in mind that other contributions to
the potential, not associated to SM interactions, may exist.

Phenomenologically there are two main differences with respect to old technicolor
theories which make these models phenomenologically appealing. First, the scale of new
resonances mρ is not directly linked to the electro-weak VEV. If mρ ≫ v the composite
Higgs approaches the SM Higgs allowing to successfully reproduce all the successes of the
SM. In practice however the scale mρ should not be very large if the theory shall remain
natural (at most few TeV). Secondly, contrary to technicolor, the SM flavor structure is
generated by the mixings and this greatly reduces flavor problems. Indeed flavor changing
neutral currents turn out to be proportional to the mixing SM fermions which are small
for the light generations.

With some caveats a reasonable phenomenology can be imagined with a scale of
compositeness of around 3 TeV. Overall the models are far from perfect but the general
picture is compelling and worth taking seriously.

4. – Signatures

In the LHC era the relevant question is whether CHM can be distinguished from an
elementary SM Higgs. In CHM, as in technicolor, we expect the existence of resonances
whose mass roughly determines the compositeness scale. As a consequence at least some
of these resonances are expected to be seen, even though this may require high energy
and luminosity.

One robust feature is the presence of spin 1 resonances (electro-weak and gluonic ) and
spin 1/2 resonances of SM fermions. The latter are required by the mechanism of partial
compositeness. An important experimental feature, at least in standard scenarios, is that
the new resonances are mostly coupled to third generation quarks and to the Higgs, so
they will decay into these states.

The main production mechanism of spin 1 resonances is through mixing of SM gauge
bosons to composite spin 1 resonances. Colored spin 1/2 resonances could either be
produced in pairs through the strong interactions or singly produced through weak-
interactions. In certain cases the mass of these states could be lower than the overall
dynamical scale making their discovery less changeling.

The other crucial experimental difference of CHM relative to the SM are the modified
couplings. The coupling of the Higgs to gauge and matter fields can be parametrized as,

ghW+W− = i
√

2
m2

W

v
a,(11)

gh2W+W− = i
m2

W

2v2
b,

ghff̄ = −i
mf√
2v

c.

The SM model predicts a = b = c = 1. This choice also guarantees that the theory
remains perturbative, since the Higgs exactly unitarizes WW scattering and the theory
is renormalizable.
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This does not hold in CHM because the SM vertices are corrected, proportionally
to v2/f2 to leading order. These corrections are moreover calculable, depending on
the symmetry structure and representations of the theory. Measuring deviations from
a = b = c = 1 would directly test the idea of a composite Higgs. In particular, WW
scattering is only partially unitarized and, as in technicolor, new strong interactions
are necessary, even though at a higher energy scale. Moreover production and decay
of the Higgs will be modified. Practically however, unless f ∼ v these deviations from
SM couplings will be very hard to be seen at the LHC and will likely require precision
measurements at the linear collider.

There might be however a short-cut. The experimental success of the SM requires
the Higgs to be light, most likely below 200 GeV. A discovery of a heavy Higgs would
immediately rule out the SM and would require new physics at a relatively low scale in
order to reproduce precision tests.

In CHM there is no a priori reason why the Higgs should be light. Indeed if the Higgs
mass is natural a heavy Higgs is favored. Consider the quadratic divergences associated
to the top (7). The fine tuning required to have a mass mh can be estimated as,

tuning ≡ m2
h

δm2
h

≈
(

4mh

mρ

)2

.(12)

Phenomenologically the compositeness scale mρ should be at least 3 TeV so that the tun-
ing is already few percent. A small fine tuning can be achieved if the Higgs is somewhat
heavy. Alternatively the top quadric divergences should be cut off at a lower scale which
can be realized in specific models but is not generic.

One can see that the Higgs is naturally heavy if the coupling of the strong sector is
large. There can be in general several contributions to the potential [6]. One unavoidable
contribution is due to the Yukawa couplings, the top being the largest. The GB nature
of the Higgs allows to estimate the potential to all orders in the Higgs as

Nc

y2
t

8π2
×

m4
ρ

g2
ρ

× V̂yuk(H/f),(13)

where Nc = 3 is the number of colors. This can be obtained by naturalness matching
with the quadratic term (7). In absence of tuning V̂ will have no hierarchies and the
natural VEV of H is f . In practice one accepts a modest fine tuning of the quadratic
terms so that f > v. This implies that one can expand the potential to quartic order
to determine the Higgs VEV. Extracting the quartic from the potential one obtains the
estimate

m2
h ∼ Nc

( gρ

4π

)2

y2
t v2.(14)

For large gρ the Higgs can already be above 200 GeV. Depending on the model even larger
contributions to the potential may exist, generating an heavier Higgs. For example Higgs
dependent kinetic terms by naturalness generate contributions to the potential

Nc

λ2
L,R

16π2
×

m4
ρ

g2
ρ

× V̂kin(H/f)(15)
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Fig. 2. – Standard Model S and T plane [1]. Large Higgs mass quickly drives the SM out of the
allowed region.

which can be larger than the previous if λL > yt. In this case one finds

m2
h ∼ Nc

( gρ

4π

)2

ytgρv
2,(16)

which is easily above 200 GeV.
Inserting the Higgs mass in (12) we obtain,

tuning ∼ v2

f2
,(17)

which shows that the tuning is controlled by f (smaller than mρ at strong coupling),
despite the fact that physically that loops are cut off at mρ. This is consistent with the
fact that the Higgs is heavy.

As shown in fig. 2, in the SM a heavy Higgs is ruled out by the data. While the
contribution to S of a heavy Higgs is relatively small, the negative contribution to T
drives quickly the SM outside of the allowed region. Within the SM this strongly favors
the presence of a light a Higgs which must be lighter than 158 GeV at 2σ CL (225 GeV at
3σ CL). As a consequence a heavy Higgs must be accompanied by positive contributions
to T which can only arise in the presence of new physics around the TeV scale(2).

The correction to T is even more necessary in CHM for two reasons. First with
mρ ∼ 3 TeV we expect (positive) contributions to the S parameter of the order of the
experimental uncertainty. Moreover the modified couplings of the Higgs to W bosons
gives an extra-negative contributions to the T parameter [7]. Depending on the mass of
the Higgs a positive contribution to T in the range 0.2–.04 is typically necessary to agree
with precision electro-weak tests.

(2) Yet, this new physics might be beyond the experimental reach of LHC.
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Sizable contributions to T can certainly arise from the next states of theory around
the scale mρ. In particular the mixing of quark doublets with singlets of the strong sector
can give a large positive contribution if it dominates. Whether the required contribution
to T is obtained remains model dependent but it is conceivable.

To summarize, our point of view is that a heavy Higgs does not worsen significantly
the status of electro-weak precision tests in CHM while it is suggested by naturalness
of the electro-weak scale, improving the little hierarchy problem between mρ and v.
Finding a heavy Higgs at the LHC would immediately rule out the SM and provide a
significant hint for compositeness. This an exciting possibility because LHC should be
able to discover a Higgs up to 500 GeV in the near future. Moreover the decay into
longitudinal W and Z, which is the main decay channel of a heavy SM Higgs, would be
modified (reduced), so that measuring mass and width could allow to see deviations from
the SM. If a light Higgs is found distinguishing the SM from CHMs will require much
more refined tests or production of resonances at LHC14 with high luminosity.

5. – Conclusions

Finding something like the Higgs in the present LHC run is quite likely. Distinguishing
the SM Higgs from a composite Higgs will take energy (14 TeV) and time (hundreds of
fb−1 of luminosity). Unless it is heavy. In this case the SM will be ruled out with
7 TeV center-of-mass energy by 2012 and differences with SM predictions could be seen
even with relatively low luminosity. We have emphasized that in CHM the Higgs can be
naturally heavy. If this is realized, the discovery of CHM might be around the corner.

∗ ∗ ∗
I would like to thank R. Contino, J. Mrazek, A. Pomarol, R. Rattazzi, J.

Serra, G. Villadoro, A. Weiler and A. Wulzer for numerous discussions on
composite Higgs models and related subjects.

REFERENCES

[1] Hoecker A. (Gfitter Collaboration), Status of the global electroweak fit of the

Standard Model, PoS, EPS-HEP2009 (2009) 366 [arXiv:0909.0961 [hep-ph]].
[2] Contino R., The Higgs as a Composite Nambu-Goldstone Boson [arXiv:1005.4269 [hep-

ph]].
[3] Agashe K., Contino R. and Pomarol A., Nucl. Phys. B, 719 (2005) 165 [hep-

ph/0412089].
[4] Mrazek J., Pomarol A., Rattazzi R., Redi M., Serra J. and Wulzer A., The Other

Natural Two Higgs Doublet Model [arXiv:1105.5403 [hep-ph]].
[5] Contino R., Grojean C., Moretti M., Piccinini F. and Rattazzi R., JHEP, 05 (2010)

089 [arXiv:1002.1011 [hep-ph]].
[6] Giudice G. F., Grojean C., Pomarol A. and Rattazzi R., JHEP, 06 (2007) 045 [hep-

ph/0703164].
[7] Barbieri R., Bellazzini B., Rychkov V. S. and Varagnolo A., Phys. Rev. D, 76 (2007)

115008 [arXiv:0706.0432 [hep-ph]].



DOI 10.1393/ncc/i2012-11138-4

Colloquia: LaThuile11

IL NUOVO CIMENTO Vol. 35 C, N. 1 Gennaio-Febbraio 2012

Coulomb law and energy levels in a superstrong magnetic field

M. I. Vysotsky

Institute of Theoretical and Experimental Physics - Moscow, Russia

(ricevuto il 29 Settembre 2011; pubblicato online il 24 Gennaio 2012)

Summary. — The analytical expression for the Coulomb potential in the pres-
ence of a superstrong magnetic field is derived. The structure of hydrogen levels
originating from LLL is analyzed.

PACS 11.10.Kk – Field theories in dimensions other than four.
PACS 30.31.J- – Relativistic and quantum electrodynamics (QED) effects in atoms,
molecules, and ions.

1. – Introduction

The long awaited discovery of Higgs boson is planned during the next two years
at LHC. For the first time what is called now the Higgs phenomenon was used in the
Ginzburg-Landau phenomenological theory of superconductivity to expel the magnetic
field from a superconductor.

Quite unexpectedly in the superstrong magnetic field a photon also gets a (quasi)
mass. In this talk we have discussed this phenomenon and how it affects the atomic
energy levels. The talk is based on papers [1].

In what follows the strong magnetic field is B > m2
ee

3; the superstrong magnetic
field is B > m2

e/e3; the critical magnetic field is Bcr = m2
e/e and we use Gauss units:

e2 = α = 1/137.

The Landau radius of an electron orbit in the magnetic field B is aH = 1/
√

eB and it
is much smaller than the Bohr atomic radius for B ≫ e3m2

e. For such strong B electrons
on Landau levels feel a weak Coulomb potential moving along the magnetic field. In [2]
a numerical solution of the Schrödinger equation for a hydrogen atom in strong B was
performed. According to this solution the ground level goes to −∞ when B goes to +∞.
However, the photon mass leads to the Coulomb potential screening and the ground
level remains finite at B → ∞ [3]. Since the electron at the ground Landau level moves
freely along the magnetic field, the problem resembles D = 2 QED and we will start our
discussion from this theory.

c© Società Italiana di Fisica 371
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...+++

Fig. 1. – Modification of the Coulomb potential due to the dressing of the photon propagator.

2. – D = 2 QED: screening of Φ

The following equation for an electric potential of the point-like charge holds; see
fig. 1:

(1) Φ(k̄) ≡ A0(k̄) =
4πg

k̄2
; Φ ≡ A0 = D00 + D00Π00D00 + . . . .

Summing the series we get

Φ(k) = − 4πg

k2 + Π(k2)
, Πµν ≡

(

gµν − kµkν

k2

)

Π(k2) ,(2)

Π(k2) = 4g2

[

1
√

t(1 + t)
ln(

√
1 + t +

√
t) − 1

]

≡ −4g2P (t) ,(3)

where t ≡ −k2/4m2, [g] = mass.

Taking k = (0, k‖), k2 = −k2
‖ for the Coulomb potential in the coordinate represen-

tation, we get

(4) Φ(z) = 4πg

∫ ∞

−∞

eik‖zdk‖/2π

k2
‖ + 4g2P (k2

‖/4m2)
,

and the potential energy for the charges +g and −g is finally V (z) = −gΦ(z).

The asymptotics of P (t) are

(5) P (t) =

{

2

3
t, t ≪ 1 ,

1, t ≫ 1 .

Let us take as an interpolating formula for P (t) the following expression:

(6) P (t) =
2t

3 + 2t
.

The accuracy of this approximation is not worse than 10% for the whole interval of t
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variation, 0 < t < ∞. Substituting an interpolating formula in (4) we get

Φ = 4πg

∫ ∞

−∞

eik‖zdk‖/2π

k2
‖ + 4g2(k2

‖/2m2)/(3 + k2
‖/2m2)

(7)

=
4πg

1 + 2g2/3m2

∫ ∞

−∞

[

1

k2
‖

+
2g2/3m2

k2
‖ + 6m2 + 4g2

]

eik‖z dk‖
2π

=
4πg

1 + 2g2/3m2

[

−1

2
|z| + g2/3m2

√

6m2 + 4g2
exp

(

−
√

6m2 + 4g2|z|
)

]

.

In the case of heavy fermions (m ≫ g) the potential is given by the tree level expres-
sion; the corrections are suppressed as g2/m2.

In the case of light fermions (m ≪ g)

(8) Φ(z)|m≪g =

{

πe−2g|z| , z ≪ 1

g ln( g
m ) ,

−2πg
(

3m2

2g2

)

|z| , z ≫ 1

g ln( g
m ) ,

m = 0 corresponds to the Schwinger model; the photon gets a mass.

Light fermions make the transition from m > g to m = 0 continuous.

3. – D = 4 QED

In order to find the potential of a point-like charge we need an expression for P in
strong B. One starts from the electron propagator G in strong B. The solutions of
the Dirac equation in the homogeneous constant in time B are known, so one can write
the spectral representation of the electron Green function. The denominators contain
k2 − m2 − 2neB, and for B ≫ m2/e and k2

‖ ≪ eB in sum over levels the lowest Landau

level (LLL, n = 0) dominates. In the coordinate representation a transverse part of LLL
wave function is Ψ ∼ exp((−x2 − y2)eB) which in the momentum representation gives
Ψ ∼ exp((−k2

x − k2
y)/eB) (we suppose that B is directed along the z-axis).

Substituting the electron Green functions we get the expression for the polarization
operator in superstrong B.

For B ≫ Bcr, k2
‖ ≪ eB the following expression is valid [4]:

Πµν ∼ e2eB

∫

dqxdqy

eB
exp

(

−
q2
x + q2

y

eB

)

(9)

∗ exp

(

−
(q + k)2x + (q + k)2y

eB

)

dq0dqzγµ
1

q̂0,z − m
(1 − iγ1γ2)γν

∗ 1

q̂0,z + k̂0,z − m
(1 − iγ1γ2) = e3B ∗ exp

(

− k2
⊥

2eB

)

∗ Π(2)
µν (k‖ ≡ kz) .
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Fig. 2. – (Colour on-line) A modified Coulomb potential at B = 1017G (blue, dark solid) and
its long distance (green, pale solid) and short distance (red, dashed) asymptotics.

With the help of it, the following result was obtained in [1]:

Φ(k) =
4πe

k2
‖ + k2

⊥ + 2e3B
π exp

(

− k2
⊥

2eB

)

P

(

k2
‖

4m2

) ,(10)

Φ(z) = 4πe

∫

eik‖zdk‖d
2k⊥/(2π)3

k2
‖ + k2

⊥ + 2e3B
π exp(−k2

⊥/(2eB))(k2
‖/2m2

e)/(3 + k2
‖/2m2

e)
(11)

=
e

|z|
[

1 − e−
√

6m2
e|z| + e−

√
(2/π)e3B+6m2

e|z|
]

.

For the magnetic fields B ≪ 3πm2/e3 the potential is Coulomb up to small power
suppressed terms:

(12) Φ(z)
∣

∣

e3B≪m2
e

=
e

|z|

[

1 + O

(

e3B

m2
e

)]

,

in full accordance with the D = 2 case, e3B → g2.
In the opposite case of the superstrong magnetic fields B ≫ 3πm2

e/e3 we get

Φ(z) =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

e
|z|e

(−
√

(2/π)e3B|z|) , 1√
(2/π)e3B

ln
(√

e3B
3πm2

e

)

> |z| > 1√
eB

,

e
|z| (1 − e(−

√
6m2

e|z|)) , 1

m > |z| > 1√
(2/π)e3B

ln
(√

e3B
3πm2

e

)

,

e
|z| , |z| > 1

m ,

(13)

V̄ (z) = −eΦ(z) .(14)

In fig. 2 the plot of a Coulomb potentiala modified by the superstrong B as well as
its short- and long-distance asymptotics are presented.
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4. – Electron in the magnetic field

The spectrum of the Dirac equation in the homogeneous magnetic field constant in
time is given by [5]

(15) ε2
n = m2

e + p2
z + (2n + 1 + σz)eB ,

n = 0, 1, 2, 3, . . . ; σz = ±1.

For B > Bcr ≡ m2
e/e the electrons are relativistic with only one exception: the

electrons from the lowest Landau level (LLL, n = 0, σz = −1) can be nonrelativistic.
In what follows we will find the spectrum of electrons from LLL in the screened Coulomb
field of the proton.

The spectrum of the Schrödinger equation in cylindrical coordinates (ρ, z) is [6]

(16) Epznρmσz
=

(

nρ +
|m| + m + 1 + σz

2

)

eB

me
+

p2
z

2me
,

LLL: nρ = 0, σz = −1, m = 0,−1,−2, . . .,

(17) R0m(ρ) =
[

π(2a2
H)1+|m|(|m|!)

]−1/2

ρ|m|e(imϕ−ρ2/(4a2
H)) .

Now we should take into account the electric potential of the atomic nuclei situated
at ρ = z = 0. For aH ≪ aB the adiabatic approximation is applicable and the wave
function in the following form should be looked for:

(18) Ψn0m−1 = R0m(ρ)χn(z) ,

where χn(z) is the solution of the Schrödinger equation for electron motion along the
magnetic field

(19)

[

− 1

2m

d2

dz2
+ Ueff (z)

]

χn(z) = Enχn(z) .

Without screening the effective potential is given by the following formula:

(20) Ueff (z) = −e2

∫ |R0m(ρ)|2
√

ρ2 + z2
d2ρ ,

For |z| ≫ aH the effective potential equals the Coulomb one

(21) Ueff (z) |z≫aH
= − e2

|z|
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Fig. 3. – (Colour on-line) Effective potential with screening for m = 0 (dark solid (blue) curve)
and m = −1 (long-dashed curve), (24); simplified potential (short-dashed (red) curve) (25). The
curves correspond to B = 3× 1017G. The Coulomb potential (pale solid (green)) is also shown.

and it is regular at z = 0

(22) Ueff (0) ∼ − e2

|aH | .

Since Ueff (z) = Ueff (−z), the wave functions are odd or even under the reflection
z → −z; the ground states (for m = 0,−1,−2, . . .) are described by the even wave
functions. The energies of the odd states are

(23) Eodd = −mee
4

2n2
+ O

(

m2
ee

3

B

)

, n = 1, 2, . . . .

So, for the superstrong magnetic fields B > m2
e/e3 they coincide with the Balmer series.

5. – Energies of even states: screening

When screening is taken into account the expression for the effective potential trans-
forms into [1]

(24) Ũeff (z) = −e2

∫ |R0m(	ρ )|2
√

ρ2 + z2
d2ρ

[

1 − e−
√

6m2
e z + e−

√
(2/π)e3B+6m2

e z
]

.

For m = 0 the following simplified formula can be used:

(25) Usimpl(z) = −e2 1
√

a2
H + z2

[

1 − e−
√

6m2
e z + e−

√
(2/π)e3B+6m2

e z
]

.

In fig. 3 the plots of the effective potentials for m = 0 and m = −1 are presented.
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Fig. 4. – Spectrum of the hydrogen levels in the limit of the infinite magnetic field. Energies are
given in Rydberg units, Ry ≡ 13.6 eV.
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6. – Karnakov-Popov equation

It provides a several percent accuracy for the energies of even states for H > 103

(H ≡ B/(m2
ee

3)), see [7].

The main idea is to integrate the Shrödinger equation with the effective potential from
x = 0 till x = z, where aH ≪ z ≪ aB and to equate the obtained expression for χ′(z)
to the logarithmic derivative of Whittaker function—the solution of Shrödinger equation
with Coulomb potential, which exponentially decreases at z ≫ aB

2 ln

(

z

aH

)

+ ln 2 − ψ(1 + |m|) + O(aH/z) =(26)

2 ln

(

z

aB

)

+ λ + 2 lnλ + 2ψ

(

1 − 1

λ

)

+ 4γ + 2 ln 2 + O(z/aB) ,

where ψ(x) is the logarithmic derivative of the gamma-function and

(27) E = −(mee
4/2)λ2 .

The modified KP equation, which takes screening into account, looks like [1]

(28) ln

(

H

1 + e6

3π H

)

= λ + 2 lnλ + 2ψ

(

1 − 1

λ

)

+ ln 2 + 4γ + ψ(1 + |m|) .

The spectrum of the hydrogen atom in the limit H → ∞ is shown in fig. 4.

7. – Conclusions

– Atomic energies at superstrong B is the only known (for me) case when the radiative
“correction” determines the energy of states.

– The analytical expression for the charged particle electric potential in d = 1 is
given; for m < g screening takes place at all distances.

– The analytical expression for the charged particle electric potential at superstrong
B in d = 3 is found; screening takes place at the distances |z| < 1/me.

– An algebraic formula for the energy levels of a hydrogen atom originating from the
lowest Landau level in superstrong B has been obtained.
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Summary. — I present the preliminary results of the data collected by the MEG
detector at the Paul Scherrer Institute in 2009 in search of the lepton flavour vio-
lating decay µ+

→ e+γ with a sample of 6 × 1013 muon decays on target.

PACS 11.30.Fs – Global symmetries (e.g., baryon number, lepton number).
PACS 14.60.Ef – Muons.
PACS 13.35.Bv – Decays of muons.

1. – Introduction

In the minimal standard model (SM) the lepton flavour violating (LFV) processes

are not allowed at all; leptons are grouped in separated doublets and the lepton flavour

conservation is built in by hand assuming vanishing neutrino masses. Nevertheless, the

neutrino oscillations are now established facts (for a continuously updated review, see [1])

and the neutrino masses are definitely not vanishing; then, LFV in the neutral sector is an

experimental reality, while until now there are no corresponding indications in the charged

sector. When massive neutrinos and neutrino oscillations are introduced in the SM, LFV

decays of charged leptons are predicted, but at immeasurably small levels (branching

fractions ∼ 10−50 with respect to SM decays). However, Supersymmetric and expecially

GUT supersymmetric theories (SUSY and SUSY-GUT) naturally accommodate finite

neutrino masses and predict relatively large (and probably measurable) branching ratios

(BR) for LFV processes (see for example [2-6]). Therefore, sizable flavour violation

processes would be strong indications in favour of new physics beyond the SM.

Even if searches for charged LFV effects have, so far, yielded no results, they had a

relevant impact on the particle physics development: for example, the non-observation

of the µ+ → e+γ decay [7] established that the muon and the electron are two distinct

leptons [8] and the stronger and stronger constraints on this process were basic arguments

for introducing a second neutrino (νµ) [9]. At the beginning of the third millennium,

the search for charged LFV reactions allows to explore SUSY mass scales up to 1000–

10000 TeV (even out of LHC reach) and to give insights about large mass range, parity

violation, number of generations, etc.

c© Società Italiana di Fisica 383
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Fig. 1. – Branching ratio of µ+
→ e+γ decay (in units of 10−11) as a function of M1/2 (GeV) for

three classes of SUSY models [5]. The horizontal line labelled “Now” is the present experimental
limit: BR(µ+

→ e+γ) ≤ 1.2 × 10−11 [11].

Figure 1 illustrates examples of recent theoretical predictions for charged LFV pro-

cesses in the SUSY frame: the µ+ → e+γ BR is shown as a function of M1/2 (in GeV)

for three different classes of models [5]. A detailed review of the mechanisms which might

induce LFV processes and of the relation between LFV and other signs of new physics

(like Muon Anomalous Magnetic Moment) can be found in [10].

Many experiments are under way or in preparation which would test the theoretical

predictions with unprecedented levels of sensitivity in the µ and in the τ channels.

Note that not only positive results, but also negative results could be very significant,

since they would tightly constrain the multi-dimensional SUSY parameter space. We also

stress that searching for LFV processes in different channels and with different leptons is

one of the most powerful tools to discriminate between different models. Figure 2 shows

the improvement with time of the upper limits for some LFV processes. In this paper I

present the search for µ+ → e+γ decay performed by the MEG collaboration.

Fig. 2. – Improvement with time of some LFV searches (from [10]).
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Table I. – The performances of previous µ → eγ experiments compared with that expected for

MEG. All the quoted resolutions are FWHM. The asterisk shows an average of the numbers

given in [11].

Place Year ∆Ee/Ee ∆Eγ/Eγ ∆teγ ∆θeγ Upper limit Refs.

SIN 1977 8.7% 9.3% 1.4 ns – < 1.0 × 10−9 [13]
TRIUMF 1977 10% 8.7% 6.7 ns – < 3.6 × 10−9 [14]
LANL 1979 8.8% 8% 1.9 ns 37 mrad < 1.7 × 10−10 [15]
LANL 1986 8% 8% 1.8 ns 87 mrad < 4.9 × 10−11 [16]
LANL 1999 1.2%∗ 4.5%∗ 1.6 ns 17 mrad < 1.2 × 10−11 [11]

PSI ≈ 2013 0.8% 4.0% 0.15 ns 19 mrad < 1 × 10−13 MEG

2. – Signal and background

The µ → eγ decay is the historical channel where charged LFV is searched for.

Positive muons (selected to avoid nuclear captures in the stopping target), coming from

decay of π+ produced in proton interactions on fixed target, are brought to stop and

decay at rest, emitting simultaneously a γ and a e+ in back-to-back directions. Since the

e+ mass is negligible, both particles carry away the same kinetic energy: Ee+ = Eγ =

mµ/2 = 52.83 MeV. The signature is very simple, but, because of the finite experimental

resolution, it can be mimed by two types of background:

a) The physical or correlated background, due to the radiative muon decay (RMD):

µ+ → e+ν̄µνeγ. The BR of RMD process is (1.4 ± 0.2)% of that of usual muon

Michel decay µ+ → e+ν̄µνe for Eγ > 10 MeV.

b) The accidental or uncorrelated background, due to the coincidence, within the

analysis window, of a e+ coming from the usual muon decay and a γ coming from

RMD, e+ − e− annihilation in flight, e+ bremsstrahlung in a nuclear field, etc.

While signal and RMD rates are proportional to the muon stopping rate Rµ, the acci-

dental background rate is proportional to R2
µ, since both particles come from the beam;

the accidental background is dominant and sets the limiting sensitivity of a µ → eγ ex-

periment. Then, in the search for µ+ → e+γ decay a continuous muon beam is preferred

and Rµ must be carefully chosen to optimize the signal-to-noise ratio. The number of

background events depends on the sizes of the signal region, which are determined by

the experimental resolutions. Physical effects which degrade the resolution, as multiple

scattering and energy loss, are reduced by using “surface” muons, i.e. muons produced

by pions stopped very close to the surface of π production target, which are efficiently

brought to rest in thin targets. Moreover, high resolution detectors are mandatory. ta-

ble I shows the figures of merit obtained by previous µ → eγ experiments compared with

the final goals of the MEG [12] experiment; the 90% C.L. upper limits on µ → eγ BR
are also reported.

3. – Detector and calibration systems

The MEG experiment [12] (fig. 3) uses the secondary πE5 muon beam line extracted

from the PSI (Paul Scherrer Institute) proton cyclotron, the most powerful continuous
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Fig. 3. – Layout of the MEG experiment.

hadronic machine in the world (maximum proton current I = 2.2 mA). A 3 × 107 µ+/s

beam is stopped in a 205µm slanted polyethylene target. The e+ momentum is measured

by a magnetic spectrometer, composed by an almost solenoidal magnet (COBRA) with

an axial gradient field and by a system of sixteen ultra-thin drift chambers (DC). The e+

timing is measured by two double-layer arrays of plastic scintillators (Timing Counter,

from now on: TC): the external layer is equipped with two sections of 15 scintillating

bars each, the internal one with 512 scintillating read by APDs fibers to measure the

transverse positron impact coordinate on the scintillating bars. The γ energy, direction

and timing are measured in a ≈ 800 l volume liquid xenon (LXe) scintillation detector.

The LXe as scintillating medium was chosen because of its large light yield (comparable

with that of NaI) in the VUV region (λ ≈ 178 nm), its homogeneity and the fast decay

time of its scintillation light (≈ 45 ns for γ’s and ≈ 22 ns for α’s) [17]. The LXe volume

is viewed by 846 Hamamatsu 2′′ PMTs, specially produced to be sensitive to UV light

and to operate at cryogenic temperatures. Possible water or oxigen impurities in LXe

are removed by circulating the liquid through a purification system.

A FPGA-FADC based digital trigger system was specifically developed to perform

a fast estimate of the γ energy, timing and direction and of the positron timing and

direction; the whole information is then combined to select events which exhibit some

similarity with the µ → eγ decay. The signals coming from all detectors are digitally

processed by a 2 GHz custom made waveform digitizer system to identify and separate

pile-up hits.

Several calibration tools (LEDs, point-like α sources deposited on wires [18], Am-

Be sources, Michel decays, through going cosmic µ’s, a neutron generator, 55 MeV and

83 MeV γ’s from charge exchange reaction π−p → π0n, γ-lines from nuclear reactions

induced by a CW accelerator, etc.) are frequently used to measure and optimize the

detector performances and to monitor their time stability. The experimental resolutions

measured in summer of 2010 (the time of this conference) were: σp/p = 0.75%, σφ =

8 mrad and σθ = 11 mrad for e+’s, σE/E = 2.1% and σx = 5.5 mm for γ’s and σ∆T =

142 ps for e+ − γ relative timing. Significant improvements are expected in the following

years, which should make these numbers closer to the table I goals.

A new calibration method for the tracking system is also operative from the 2010, it

takes advantage from the elastic Mott scattering of monochromatic positrons into a ded-

icated polyethylene target. These events can be used to measure the tracker momentum
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Fig. 4. – (Colour on-line) Results of MEG maximum likelihood analysis. From top to bottom,
from left to right: ∆Teγ , Ee+ , Eγ , θeγ , φeγ . Signal PDFs are in green, RMD PDFs in red,
accidental background PDFs in magenta and total PDFs in blue. The black dots represent the
experimental data and the dashed lines the 90% C.L. upper limit on the number of signal events.

resolution at the signal energy and investigate systematic uncertainties in the positron

track reconstruction.

4. – Data analysis and preliminary result

The data are analysed with a combination of blind and likelihood strategy. Events are

pre-selected on the basis of loose cuts, requiring the presence of a track and |∆Teγ | < 4 ns.

Preselected data are processed several times with improving calibrations and algorithms

and events falling within a tight window (“blinding box”, BB) in the (Eγ ,∆Teγ)-plane

are hidden. The remaining pre-selected events fall in “sideband” regions and are used

to optimize the analysis parameters, study the background and evaluate the experimen-

tal sensitivity under the zero signal hypothesis. When the optimisation procedure is

completed, the BB is opened and a maximum likelihood fit is performed to the distri-

butions of five kinematical variables (Ee+ , Eγ , ∆Teγ , θeγ and φeγ), in order to extract

the number of Signal (S), RMD (R) and Accidental Background (B) events. Probability

Distribution Functions (PDFs) are determined by using calibration measurements and

MC simulations for S, theoretical formulae folded with experimental resolution for R(1)

and sideband events for B. Michel positrons are used to calculate the normalization

factor needed to convert an upper limit on S into an upper limit on BR(µ+ → e+γ).

The analysis procedure was applied for the first time to the data collected in 2008, with

reduced statistics and not optimal apparatus performances, and a first result was pub-

lished [19]: BR(µ → eγ) ≤ 2.8× 10−11 at 90% C.L., about twice worse than the present

bound [11]. In 2009 a larger and better quality data sample was collected and the analy-

sis procedure was repeated. 370 events fell in the BB, defined as 48MeV < Eγ < 58 MeV

and |∆Te+γ | < 0.7 ns. Figure 4 shows the results of the maximum likelihood fit to the five

(1) In RMD events, the kinematical boundaries introduce a correlation between Ee+ , Eγ and
positron-gamma relative angle which must be taken into account in the PDF.
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kinematical variables for 2009 data. The (preliminary!) best fit result was S = 3.0 and

R = 35. The analysis was repeated by different groups varying the approach (frequen-

tistic and Bayesian), the handling of sideband information and the estimated numbers

of R and B in the BB; the best fit value for S ranged between 3 and 4.5 and the corre-

sponding 90% C.L. interval was (0, 15); then, a (preliminary!) 90% C.L. upper limit was

set: BR(µ → eγ) ≤ 1.5 × 10−11, close to the current experimental limit.

5. – Perspectives and conclusions

The MEG collaboration has already performed a new data collection campaign in

2010, collecting a sample twice that of 2009 in comparable running condition and detec-

tor performances. The analysis is significantly improved, in particular in the positron

reconstruction and the related systematics reduced. A new result with 2009 and 2010

data together is going to be obtained within this summer.

The experiment is expected to run at least until the end of 2012; this will produce

a huge increase in statistics and, taking into account further improvements of detector

performances, will allow to reach a sensitivity ∼ 5 × 10−13, (30–50) times better than

the present upper bound.

∗ ∗ ∗

I am grateful to the many MEG colleagues who helped me in the preparation of the

talk and of these proceedings. A special thank to the Conference Organizers that invited
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Summary. — A search for the decays B0
s → µ+µ− and B0

→ µ+µ− is performed
with about 37 pb−1 of pp collisions at

√
s = 7 TeV collected by the LHCb experiment

at the Large Hadron Collider at CERN. The observed numbers of events are consis-
tent with the background expectations. The resulting upper limits on the branching
ratios are BR(B0

s → µ+µ−) < 5.6 × 10−8 and BR(B0 → µ+µ−) < 1.5 × 10−8 at
95% confidence level.

PACS 13.20.He – Decays of bottom mesons.
PACS 12.15.Mm – Neutral currents.
PACS 12.60.Jv – Supersymmetric models.

1. – Introduction

Measurements at low energies may provide interesting indirect constraints on the
masses of particles that are too heavy to be produced directly. This is particularly true
for Flavour Changing Neutral Currents (FCNC) processes which are highly suppressed
in the Standard Model (SM) and can only occur through higher order diagrams.

The SM prediction for the Branching Ratios (BR) of the FCNC decays B0
s → μ+μ−

and B0
→ μ+μ− have been computed [1] to be BR(B0

s → μ+μ−) = (3.2 ± 0.2) × 10−9

and BR(B0
→ μ+μ−) = (0.10 ± 0.01) × 10−9.

However New Physics (NP) contributions can significantly enhance this value. For
example, within Minimal Supersymmetric extensions of the SM (MSSM), in the large
tanβ approximation [2], the BR(Bs → μ+μ−) is found to be proportional to ∼ tan6 β,
where tan β is the ratio of vacuum expectation values of the two neutral CP-even Higgs
fields. Therefore it could be strongly enhanced for large values of tanβ.

The most restrictive limits on the search for B0
(s)

→ μ+μ− have so far been achieved

at the Tevatron, due to the large bb̄ cross-section at hadron colliders. The best limits
at 95% CL published so far are obtained using 6.1 fb−1 by the D0 Collaboration [3],
BR(B0

s → μ+μ−) < 5.1×10−8 and using 2 fb−1 by the CDF Collaboration [4], BR(B0
s →

μ+μ−) < 5.8 × 10−8 and BR(B0
→ μ+μ−) < 1.8 × 10−8. The CDF Collaboration has

also presented preliminary results [5] with 3.7 fb−1 that lower the limits to BR(B0
s →

μ+μ−) < 4.3 × 10−8 and BR(B0
→ μ+μ−) < 0.76 × 10−8.

c© Società Italiana di Fisica 389
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The LHCb experiment is well suited for such searches due to its good invariant mass
resolution, vertex resolution, muon identification and trigger acceptance.

In addition, LHCb has a hadronic trigger capability which provides large samples of
B0

s,d → h+h′− decays, where h and h′ stand for a hadron (kaon or pion). These are used
as control samples in order to reduce the dependence of the results on the simulation.

The measurements presented in this document use about 37 pb−1 of integrated lu-
minosity collected by LHCb between July and October 2010 at

√

s = 7 TeV. Assuming
the SM branching ratio, about 0.7 (0.08) B0

(s)
→ μ+μ− (B0

→ μ+μ−) are expected to

be reconstructed using the bb̄ cross-section, measured within the LHCb acceptance, of
75 ± 14 μb [6].

2. – The LHCb detector

The LHCb detector [7] is a single-arm forward spectrometer with an angular coverage
from approximately 10 mrad to 300 (250) mrad in the bending (non-bending) plane.

The detector consists of a vertex locator (VELO), a warm dipole magnet with a bend-
ing power of

∫
Bdl = 4 Tm, a tracking system, two ring-imaging Cherenkov detectors

(RICH), a calorimeter system and a muon system.

Track momenta are measured with a precision between δp/p = 0.35% at 5 GeV/c
and δp/p = 0.5% at 100 GeV/c. The RICH system provides charged hadron identifi-
cation in a momentum range 2–100 GeV/c. Typically kaon identification efficiencies of
over 90% can be attained for a π → K fake rate below 10%. The calorimeter system
consists of a preshower, a scintillating pad detector, an electromagnetic calorimeter and
a hadronic calorimeter. It identifies high transverse energy (ET) hadron, electron and
photon candidates and provides information for the trigger. Five muon stations provide
fast information for the trigger and muon identification capability: a muon identification
efficiency of ∼ 95% is obtained for a misidentification rate of about 1–2% for momenta
above 10 GeV/c.

LHCb has a two-level flexible and efficient trigger system both for leptonic and purely
hadronic B decays. It exploits the finite lifetime and relatively large mass of charm
and beauty hadrons to distinguish heavy flavour decays from the dominant light quark
processes. The first trigger level (L0) is implemented in hardware and reduces the rate
to a maximum of 1 MHz, the read-out rate of the whole detector. The second trigger
level (High Level Trigger, HLT) is implemented in software running on an event filter
CPU farm. The forward geometry allows the LHCb first level trigger to collect events
with one or two muons with pT values as low as 1.4 GeV/c for single muon and pT(μ1) >
0.48 GeV/c and pT(μ2) > 0.56 GeV/c for dimuon triggers. The ET threshold for the
hadron trigger varied in the range 2.6 to 3.6 GeV.

The dimuon trigger line requires muon pairs of opposite charge forming a common
vertex and an invariant mass Mµµ > 4.7 GeV/c2. A second trigger line, primarily to select
J/ψ → μμ events, requires 2.97 < Mµµ < 3.21 GeV/c2. The remaining region of the
dimuon invariant mass is also covered by trigger lines that in addition require the dimuon
secondary vertex to be well separated from the primary vertex. Other HLT trigger lines
select generic displaced vertices, providing a high efficiency for purely hadronic decays
(for instance B0

s,d → h+h′−).
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3. – Analysis strategy

The analysis for the B0
(s)

→ μ+μ− search at LHCb is described in detail in [8]. It

is done in two steps: first a very efficient selection removes the biggest amount of the
background while keeping most of the signal within the LHCb acceptance. Then each
event is given a probability to be signal or background in a two-dimensional probability
space defined by the dimuon invariant mass and a multivariate analysis discriminant like-
lihood, the Geometrical Likelihood (GL). The compatibility of the observed distribution
of events in the GL vs. invariant mass plane with a given branching ratio hypothesis is
evaluated using the CLs method [9].

The number of expected signal events is evaluated by normalizing with channels of
known branching ratios: B+

→ J/ψK+, B0
s → J/ψφ and B0

→ K+π−, where J/Ψ →

μ+μ− and φ → K+K−(1). This normalization ensures that knowledge of the absolute
luminosity and bb̄ production cross-section are not needed, and that many systematic
uncertainties cancel in the ratio of the efficiencies.

An important feature of this analysis is to rely as much as possible on data and to
restrict to a minimum the use of simulation.

3
.
1. Event selection. – The selection requires two muon candidates of opposite charge,

forming a vertex with a χ2/ndf < 14. Tracks are first required to be of good quality and
to be displaced with respect to the closest primary vertex. To reject bad combinations
before performing the vertex fit, the two tracks are required to have a distance of closest
approach of less than 0.3 mm. The secondary vertex is required to be well fitted and
must be clearly separated from the primary in the forward direction. When more than
one primary vertex is reconstructed, the one that gives the minimum impact parameter
significance for the candidate is chosen. The reconstructed candidate has to point to the
primary vertex.

Events passing the selection are considered B0
(s)

→ μ+μ− candidates if their invariant

mass lies within 60 MeV/c2 of the nominal B0
(s)

mass. Assuming the SM branching

ratio, 0.3 B0
s → μ+μ− and 0.04 B0

→ μ+μ− events are expected after all selection
requirements. There are 343 (342) B0

(s)
→ μ+μ− candidates selected from data in the

B0
s (B0) mass window.
The dominant background after the B0

(s)
→ μ+μ− selection is expected to be bb̄ →

μμX [10]. This is confirmed by comparing the kinematical distributions of the sideband
data with a bb̄ → μμX MC sample.

The muon misidentification probability as a function of momentum obtained from
data using K0

S → π+π−, Λ → pπ− and φ → K+K− decays is in good agreement with
MC expectations. An estimate of the background coming from misidentified hadrons is
obtained by reweighting the hadron misidentification probability using the momentum
spectrum of the background in the invariant mass sidebands. The single hadron average
misidentification probability is measured to be (7.1± 0.5)× 10−3 and the double hadron
misidentification probability is (3.5 ± 0.9) × 10−5, where the correlation between the
momenta of the two hadrons is taken into account.

The same selection without the muon identification requirement is applied to the
control channel B0

s,d → h+h′− and, with a softer pointing requirement, to the J/ψ → μμ
decay of the control and normalization channels containing J/ψ in the final state.

(1) When the B0
s → J/ψφ and B+ → J/ψK+ we always assume the decays J/ψ → µ+µ− and

φ → K+K−.
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Fig. 1. – Probability of signal events in bins of GL obtained from the inclusive sample of B0
s,d →

h+h′− events (solid squares). The background probability (open circles) is obtained from the
events in the sidebands of the µµ invariant mass distribution in the B0

(s) mass window.

3
.
2. Signal and background likelihoods. – After the selection the signal purity is still

about 10−3 for B0
s → μ+μ− and 10−4 for B0

→ μ+μ− assuming the SM branching
ratios. Further discrimination is achieved through the combination of two independent
variables: the multivariate analysis discriminant likelihood, GL, and the invariant mass.
The GL combines information related with the topology and kinematics of the event
as the B0

(s)
lifetime, the minimum impact parameter of the two muons, the distance of

closest approach of the two tracks, the B0
(s)

impact parameter and pT and the isolation

of the muons with respect to the other tracks of the event. These variables are combined
in an optimal way by taking their correlations properly into account [11].

The analysis is performed in two-dimensional bins of invariant mass and GL. The
invariant mass in the signal regions (±60 MeV/c2 around the B0

s and the B0 masses) is
divided into six bins of equal width, and the GL into four bins of equal width distributed
between zero and one. A probability to be signal or background is assigned to events
falling in each bin.

The GL variable is defined using MC events but calibrated with data using B0
s,d →

h+h′− selected as the signal events and triggered independently on the signal (TIS events)
in order to minimize the bias introduced by the hadronic trigger lines [8].

The number of B0
s,d → h+h

′
− events in each GL bin is obtained from a fit to the inclu-

sive mass distribution [12] assigning the muon mass to the two particles. The measured
fractions in each GL bin can be seen in fig. 1 and are quoted in table I. The system-
atic uncertainties are included, estimated by comparing the results from the inclusive
B0

s,d → h+h
′
− fit model with those obtained using a double Crystal Ball function [13]

and a simple background subtraction.
Two methods have been used to estimate the B0

(s)
→ μ+μ− mass resolution from

data. The first method uses an interpolation between the measured resolutions for cc
resonances (J/ψ, ψ(2S)) and bb resonances (Υ(1S), Υ(2S), Υ(3S)) decaying into two
muons. Interpolating linearly between the five fitted resolutions to MB0

s
an invariant

mass resolution of σ = 26.83 ± 0.14 MeV/c2 was estimated.
The systematic uncertainty is estimated to be 1 MeV/c2 mainly due to the reweighting

of the momentum spectrum of the dimuon resonances and the variation of the resolution
over the width of the B0

(s)
→ μ+μ− signal region. The second method that was used to es-
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Table I. – Probability of signal events in bins of GL obtained from the inclusive sample of

B0
q → h+h′− events. The background probability in the B0

s mass window is obtained from the

events in the sidebands of the dimuon invariant mass distribution.

GL bin Signal probability Background probability

0.0–0.25 0.360 ± 0.130 0.9735+0.0030
−0.0032

0.25–0.5 0.239 ± 0.096 0.0218+0.0030
−0.0028

0.5–0.75 0.176 ± 0.046 0.0045+0.0012
−0.0010

0.75–1.0 0.225 ± 0.036 0.00024+0.00031
−0.00015

timate the invariant mass resolution from data is to use the inclusive B0
s,d → h+h

′
− sam-

ple. The particle identification requirement would modify the momentum and transverse
momentum spectrum of pions and kaons, and thus the mass resolution. Therefore, the
fit is performed to the inclusive B0

s,d → h+h
′
− sample without requiring particle identi-

fication and assigning the muon mass to the decay products.
The fit has been performed in the GL range [0.25, 1.0] and fitted parameters are the

mass resolution, the B0 and B0
s masses, the signal yield, the combinatorial background

yields, as well as the fraction of radiative tail and the parameters that describe the
combinatorial background. The relative contributions of B0 and B0

s decays are fixed
to their known values. The result of the fit for the mass resolution, σ = 25.8 ± 1.0 ±

2.3 MeV/c2, is consistent with the value obtained from the interpolation method.
The weighted average of the two methods, σ = 26.7 ± 0.9 MeV/c2, is taken as the

invariant mass resolution and considered to be the same for B0 and B0
(s)

decays.

The prediction of the number of background events in the signal regions is obtained
by fitting with an exponential function the μμ mass sidebands independently in each
GL bin in order to account for potentially different background compositions. The mass
sidebands are defined in the range between MB0

(s)
± 600(1200) MeV/c2 for the lower

(upper) two GL bins, excluding the two search windows (MB0
(s)

± 60 MeV/c2).

The distribution of the invariant mass for each GL bin is shown in fig. 2.

4. – Normalization factors

As already mentioned, the number of expected signal events is evaluated by nor-
malizing with channels of known branching ratios, B+

→ J/ψK+, B0
s → J/ψφ and

B0
→ K+π−, as shown in table II, first column.
The first two decays have similar trigger and muon identification efficiency to the

signal but a different number of particles in the final state, while the third channel has
the same two-body topology but is selected with the hadronic trigger. The branching
ratio of the B0

s → J/ψφ decay is not known precisely (∼ 25%) but has the advantage
that the normalization of B0

(s)
→ μμ with a B0

s decay does not require the knowledge of

the ratio of fragmentation fractions, which has an uncertainty of ∼ 13% [14].
Using each of these normalization channels, the BR(B0

(s)
→ μμ) can be calculated as:

BR(B0
(s) → μμ) = BRnorm ×

ǫREC
normǫ

SEL|REC
norm ǫ

TRIG|SEL
norm

ǫREC
sig

ǫ
SEL|REC

sig
ǫ
TRIG|SEL

sig

×

fnorm

fB0
(s)

×

NB0
(s)

→µµ

Nnorm

(1)

= αB0
(s)

→µµ × NB0
(s)

→µµ ,
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Fig. 2. – (Colour on-line) Distribution of the µµ invariant mass for different GL bins: (a) [0, 0.25],
(b) [0.25, 0.5], (c) [0.5, 0.75], (d) [0.75, 1.0]. The blue solid lines show the interpolation model
used and the dashed line shows the result of the interpolation in the search windows.

where αB0
(s)

→µµ denotes the normalization factor, fB0
(s)

denotes the probability that a b-

quark fragments into a B0
(s)

and fnorm denotes the probability that a b-quark fragments

into the b-hadron relevant for the chosen normalization channel with branching frac-
tion BRnorm. The reconstruction efficiency (ǫREC) includes the acceptance and particle
identification, while ǫSEL|REC denotes the selection efficiency on reconstructed events.

Table II. – Summary of the factors and their uncertainties needed to calculate the normalization

factors (αB0
(s)

→μ+μ−) for the three normalization channels considered. The branching ratios are

taken from refs. [15, 16] and includes also the BR(J/ψ → µ+µ−) and BR(φ → K+K−). The

trigger efficiency and number of B0 → K+π− candidates correspond to only TIS events, as

described in the text.

BR
ǫREC
normǫ

SEL|REC
norm

ǫREC
sig

ǫ
SEL|REC

sig

ǫ
TRIG|SEL
norm

ǫ
TRIG|SEL

sig

Nnorm αB0
(s)

→μ+μ− αB0
→μ+μ−

(×10−5) (×10−9) (×10−9)

B+ → J/ψK+ 5.98 ± 0.22 0.49 ± 0.02 0.96 ± 0.05 12, 366 ± 403 8.4 ± 1.3 2.27 ± 0.18

B0
s → J/ψφ 3.4 ± 0.9 0.25 ± 0.02 0.96 ± 0.05 760 ± 71 10.5 ± 2.9 2.83 ± 0.86

B0 → K+π− 1.94 ± 0.06 0.82 ± 0.06 0.072 ± 0.010 578 ± 74 7.3 ± 1.8 1.99 ± 0.40
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Fig. 3. – (Colour on-line) Observed distribution of selected dimuon events in the GL vs. invariant
mass plane. The orange short-dashed (green long-dashed) lines indicate the ±60 MeV/c2 search
window around the B0

s (B0).

The trigger efficiency on selected events is denoted by ǫTRIG|SEL.
The ratios of reconstruction and selection efficiencies are estimated from the simula-

tion and checked on data, while the ratios of trigger efficiencies on selected events are
determined from data [8].

The yields needed to evaluate the normalization factor are shown in table II, where
the uncertainty is dominated by the differences observed using different models in fitting
the invariant mass lineshape.

As can be seen in table II, the normalization factors calculated using the three com-
plementary channels give compatible results. The final normalization factor is a weighted
average which takes into account all the sources of correlations, in particular the domi-
nant one coming from the uncertainty on fd/fs = 3.71 ± 0.47 [14], with the result

αB0
(s)

→µµ = (8.6 ± 1.1) × 10−9 ,

αB0→µµ = (2.24 ± 0.16) × 10−9 .
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Fig. 4. – (Colour on-line) (a) Observed (solid curve) and expected (dashed curve) CLs values
as a function of BR(B0

s → µ+µ−). The green shaded area contains the ±1σ interval of possible
results compatible with the expected value when only background is observed. The 90% (95%)
CL observed value is identified by the solid (dashed) line. (b) The same for BR(B0 → µ+µ−).
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5. – Results

For each of the 24 bins (4 bins in GL and 6 bins in mass) the expected number of
background events is computed from the fits to the invariant mass sidebands described
in subsect. 3

.
2. The expected numbers of signal events are computed using the normal-

ization factors from sect. 4, and the signal likelihoods computed in subsect. 3
.
2. The

distribution of observed events in the GL vs. invariant mass plane can be seen in fig. 3.
The compatibility of the observed distribution of events in the GL vs. invariant mass

plane with a given branching ratio hypothesis is evaluated using the CLs method [9].
The observed distribution of CLs as a function of the assumed branching ratio can be
seen in fig. 4.

The expected distributions of possible values of CLs assuming the background-only
hypothesis are also shown in the same figure as a green shaded area that covers the
region of ±1σ of background compatible observations. The uncertainties in the signal and
background likelihoods and normalization factors are used to compute the uncertainties
in the background and signal predictions. These uncertainties are the only source of
systematic uncertainty and they are included in the CLs using the techniques described
in ref. [9]. Given the specific pattern of the observed events, the systematic uncertainty
on the background prediction has a negligible effect on the quoted limit. The effect of
the uncertainty on the signal prediction increases the quoted limits by less than 3%.

The upper limits are computed using the CLs distributions in fig. 4 with the results:

BRB0
(s) → μ+μ− < 4.3(5.6) × 10−8 at 90% (95%) C.L. ,

BRB0
→ μ+μ− < 1.2(1.5) × 10−8 at 90% (95%) C.L. ,

while the expected values of the limits are BR(B0
s → μ+μ−) < 5.1(6.5) × 10−8 and

BR(B0
→ μ+μ−) < 1.4(1.8) × 10−8 at 90%(95%) CL The limits observed are similar

to the best published limits [3] for the decay B0
s → μ+μ− and more restrictive for

B0
→ μ+μ− the decay [4].
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Summary. — The synergy and interplay of high energy data with flavour preci-
sion data are expected to shed some light on the “Flavour Problem”. Lepton flavor
violating processes like µ → eγ represent “golden channels” where to look for New
Physics effects, given their high New Physics sensitivity and the outstanding exper-
imental progress we expect in the upcoming years. If LFV is observed, the next
crucial step will be to trace back the New Physics model at work by means of a
correlated analysis of various observables.

PACS 14.60.Ef – Muons.
PACS 13.35.Bv – Decays of muons.

1. – Introduction

The most important achievement we expect to reach at the beginning of the LHC
era is the understanding of the underlying mechanism accounting for the electroweak
symmetry breaking, in particular, whether the Higgs mechanism is realized in nature or
not. Moreover, the LHC is also expected to shed light on the hierarchy problem, since a
natural solution of it calls for a TeV scale New Physics (NP).

On the other hand, low-energy flavour physics observables provide the most powerful
tool to unveil the symmetry properties of the NP theory that will emerge at the LHC,
if any. In fact, high-precision measurements at the LHC are made typically challenging
by the huge background and by irreducible hadronic uncertainties.

The last decade has established that flavour-changing and CPV processes in Bs,d and
K systems are well described by the SM. The same is true for electroweak precision tests.
This implies automatically tight constraints on flavour-changing phenomena beyond the
SM and a potential problem for a natural solution of the hierarchy problem.

On general ground, the main lesson we learned so far from the flavour data is that
a TeV scale NP must have a highly non-generic flavour structure in order to satisfy all
the existing constraints. Moreover, in order to avoid fine tuning of parameters, natural
protection mechanisms suppressing FCNCs generated by NP are required. Famous ex-
amples of such mechanisms are MFV, alignment and degeneracy, as arising from Abelian
and non-Abelian flavour symmetries.

c© Società Italiana di Fisica 399
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Table I. – Present [2] and upcoming experimental limits on various leptonic processes at 90%
C.L.

Process Present bounds Future bounds Experiments

BR(µ → eγ) 1.2 × 10−11 O(10−13) MEG, PSI

BR(µ → eee) 1.1 × 10−12 O(10−13–10−14) –

BR(µ → e in Ti) 1.1 × 10−12 O(10−18) J-PARC

BR(τ → eγ) 1.1 × 10−7 O(10−8) SuperB

BR(τ → eee) 2.7 × 10−7 O(10−8) SuperB

BR(τ → eµµ) 2. × 10−7 O(10−8) SuperB

BR(τ → µγ) 6.8 × 10−8 O(10−8) SuperB

BR(τ → µµµ) 2 × 10−7 O(10−8) LHCb

BR(τ → µee) 2.4 × 10−7 O(10−8) SuperB

The SM mechanism of flavour mixing has been tested with high accuracy in the
quark sector, where all flavour-violating phenomena seem to be well described by the
SM Yukawa interaction [1]. Flavour mixing has been observed also in the neutrino
sector, indicating the existence of a non-vanishing neutrino mass matrix which cannot
be accommodated within the SM.

However, the origin of flavour is still far from being established. The most important
open questions can be summarized as follow:

– Which is the organizing principle behind the observed pattern of fermion masses
and mixing angles?

– Are there extra sources of flavour symmetry breaking beside the SM Yukawa cou-
plings which are relevant at the TeV scale?

The search for LFV in charged leptons is probably the most interesting goal of flavour
physics in the next few years. The observation of neutrino oscillations has clearly demon-
strated that lepton flavour is not conserved; however, the smallness of neutrino masses
provides a strong indication that neutrinos are generated by an underlying dynamics
that violates also the total lepton number. The question is if LFV effects can be visible
also in other sectors of the theory, or if we can observe LFV in processes which conserve
the total lepton number.

2. – Experimental status for LFV

The status of searches for some selected LFV channels in τ and µ decays is summarized
in table I.

In particular, the MEG experiment at PSI [3] should be able to test Br(µ → eγ) at
the level of O(10−13), and the Super Flavour Factory [4] is planned to reach a sensitivity
for Br(τ → µγ) of O(10−9) and also the planned resolution of SuperKEKB for τ → µγ
is of O(10−8). An impressive improvement is also expected for the upper bound on µ− e
conversion in Ti. The dedicated J-PARC and PRISM/PRIME experiment [5] should
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reach the sensitivity of O(10−18), almost six orders of magnitude better than the current
upper bound from SINDRUM II at PSI [6].

3. – Flavour violation in charged lepton decays

In the SM with massive neutrinos, the branching ratio for LFV processes like µ → eγ
is of order Br(µ → eγ)SM ≈ 10−54, to be compared with the 90% C.L. upper bound
from the MEGA Collaboration [7] Br(µ → eγ) < 1.2 · 10−11. Therefore any observation
of LFV would be a clear signal of NP.

On general grounds, if the breaking of the total lepton number occurs at a very high
energy scale (ΛLN > 1012 GeV), as expected by the smallness of neutrino masses, and
the theory has new degrees of freedom carrying lepton-flavour quantum numbers around
the TeV scale (ΛLFV < 104 GeV), then µ → eγ should be visible. Indeed, employing an
effective theory approach with a minimal breaking of lepton flavour, we find [8]

B(µ → eγ) ≈ 10−13

(

ΛLN

1013 GeV

)4 (

104 GeV

ΛLFV

)4

.(1)

A typical concrete example where this occurs is the MSSM with heavy right-handed
neutrinos, where renormalization-group effects generate LFV entries in the left-handed
slepton mass matrices at the TeV scale [9]. Once non-vanishing LFV entries in the slepton
mass matrices are generated, LFV rare decays are naturally induced by one-loop diagrams
with the exchange of gauginos and sleptons. The flavour-conserving component of the
same diagrams induces a non-vanishing contribution to the anomalous magnetic moment
of the muon, ∆aµ = (gµ − gSM

µ )/2. As shown in fig. 1, a strong link between these two

observable naturally emerges (see, e.g., [10]). In this context, the value ∆aµ = O(10−9),
presently indicated by detailed analyses of gµ [11], reinforce the expectation of µ → eγ
within the reach of the MEG experiment.

Beside supersymmetry, there are many other NP models like the Little Higgs model
and the Randall-Sundrum models which are able to reach the present bounds and in fact
this bounds put already rather stringent constraints on the parameters of these models.

In order to distinguish various NP scenarios, it will be essential to study a large
set of decays to three leptons in the final state. Indeed, while in the MSSM [12-14] the
dominant role in the decays with three leptons in the final state and in µ−e conversion in
nuclei is played by the dipole operator, in [15,16] it was found that this operator is much
less relevant in the LHT model, with Z0 penguin and box diagrams being the dominant
contributions. This implies a striking difference between various ratios of branching ratios
of type Br(li → 3lj)/Br(li → ljγ) in the MSSM, where they are typically O(10−2−10−3)
and in the LHT model, where they are O(10−1) [17]. The expected correlations among
the branching ratios for the most relevant LFV processes are reported in table II from
ref. [18].

4. – Conclusions

The origin of flavour is still, to a large extent, an open question. The synergy and
interplay of high energy data with flavour precision data are expected to shed (some)
light on this “Flavour Problem”. Despite of the remarkable agreement of flavour data
with the SM predictions, we still expect New Physics effects to show up in some selected
“golden channels” such as LFV processes like µ → eγ, where an outstanding experimental



402 P. PARADISI

Fig. 1. – Correlation between B(µ → eγ) and ∆aµ in the MSSM with heavy RH neutrinos [10].

Table II. – Comparison of various ratios of branching ratios in the LHT model, the MSSM and

the SM4. From ref. [18].

Ratio LHT MSSM SM4

Br(µ→eee)

Br(µ→eγ)
0.02 . . . 1 ∼ 2 · 10−3 0.06 . . . 2.2

Br(τ→eee)

Br(τ→eγ)
0.04 . . . 0.4 ∼ 1 · 10−2 0.07 . . . 2.2

Br(τ→µµµ)

Br(τ→µγ)
0.04 . . . 0.4 ∼ 2 · 10−3 0.06 . . . 2.2

Br(τ→eµµ)

Br(τ→eγ)
0.04 . . . 0.3 ∼ 2 · 10−3 0.03 . . . 1.3

Br(τ→µee)

Br(τ→µγ)
0.04 . . . 0.3 ∼ 1 · 10−2 0.04 . . . 1.4

Br(τ→eee)

Br(τ→eµµ)
0.8 . . . 2 ∼ 5 1.5 . . . 2.3

Br(τ→µµµ)

Br(τ→µee)
0.7 . . . 1.6 ∼ 0.2 1.4 . . . 1.7

R(µTi→eTi)

Br(µ→eγ)
10−3 . . . 102 ∼ 5 · 10−3 10−12 . . . 26
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progress is expected in the upcoming years. Once some clear non-standard effects will be
established, the next crucial step will be to trace back the New Physics model at work
by means of a careful analysis of correlations among various observables.
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Summary. — We report on selected recent results from the CDF and D0 ex-
periments on searches for physics beyond the Standard Model using data from the
Tevatron collider running pp̄ collisions at

√
s = 1960 GeV.

PACS 14.80.Bn – Standard-model Higgs bosons.

1. – Introduction

Over the past decades the Standard Model (SM) of particle physics has been sur-
prisingly successful. Although the precision of experimental tests improved by orders of
magnitude no significant deviation from the SM predictions has been observed so far.
Still, there are many questions that the Standard Model does not answer and problems
it can not solve. Among the most important ones are the origin of the electro-weak
symmetry breaking, hierarchy of scales, unification of fundamental forces and the na-
ture of gravity. Recent cosmological observations indicates that the SM particles only
account for 4% of the matter of the Universe. Many extensions of the SM (Beyond the
Standard Model, BSM) have been proposed to make the theory more complete and solve
some of the above puzzles. Some of these extension includes SuperSymmetry (SUSY),
Grand Unification Theory (GUT) and Extra Dimensions. At CDF and D0 we search

for evidence of such processes in proton-antiproton collisions at
√

(s) = 1960 GeV. The
phenomenology of these models is very rich, although the cross sections for most of these
exotic processes is often very small compared to those of SM processes at hadron col-
liders. It is then necessary to devise analysis strategies that would allow to disentangle
the small interesting signals, often buried under heavy instrumental and/or physics back-
ground. Two main approaches to search for physics beyond the Standard Model are used
in a complementary fashion: model-based analyses and signature based studies. In the
more traditional model-driven approach, one picks a favorite theoretical model and/or

(∗) Currently at: U.S. Department of Energy, Office of High Energy Physics, Washington, DC
20585, USA.
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Fig. 1. – Cross sections for typical SM processes at the TeVatron and exotic physics.

a process, and the best signature is chosen. The selection cuts are optimized based on
acceptance studies performed using simulated signal events. The expected background
is calculated from data and/or Monte Carlo and, based on the number of events ob-
served in the data, a discovery is made or the best limit on the new signal is set. In a
signature-based approach a specific signature is picked (i.e. dileptons+X) and the data
sample is defined in terms of known SM processes. A signal region (blind box) might
be defined with cuts which are kept as loose as possible and the background predic-
tions in the signal region are often extrapolated from control regions. Inconsistencies
with the SM predictions will provide indication of possible new physics. As the cuts
and acceptances are often calculated independently from a model, different models can
be tested against the data sample. It should be noticed that the comparison with a
specific model implies calculating optimized acceptances for a specific BSM signal. In
signature-based searches, there is no such an optimization. Both the experiments have
followed a somehow natural approach in pursuing analysis looking at final state signa-
tures characterized by relatively simple physics objects (for example lepton-only final
state, where the selection of the leptons is straightforward and can be easily checked
with the measurement of electroweak boson production cross sections) and proceeding
onto more complex final state, including jets and heavy flavor. Here more sophisticated
identification techniques need to be used and issues like jet energy scale calibration play
an important role in determining the final result. Given the limited space available for
these proceedings, we will focus here on few selected results. Further results are described
in http://ncdf70.fnal.gov:8001/presentations/LaThuile2011 Rolli.pdf.

2. – Search for New Physics in dileptons final states

This is a typical example of a signature-based search for new physics. Final states
consisting of dileptons are a straightforward signature where to look for new physics, as
several resonant states can appear as enhancement of the Drell-Yan cross section. The
analysis strategy is very simple: the invarian mass distribution of the dilepton system is
compared to the SM expectations, as shown in figs. 2 and 3. Only identification cuts to
select a pair of high PT leptons are placed.

Both CDF [1, 2] and D0 [3] have been studying the dilepton invariant mass distribu-
tion. The most recent result is a search for new dielectron mass resonances using 5.7 fb−1

of data recorded by the CDF II detector. No significant excess over the expected Stan-
dard Model prediction is observed, as seen in fig. 2. In this dataset, an event with the
highest dielectron mass ever observed (960 GeV/c2) has been recorded. The results are
intepreted in the framework of the Randall-Sundrum (RS) model [4]. Combined with a
similar search performed with 5.4 fb−1 of diphoton data [5] the RS-graviton mass limit
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Fig. 2. – Inclusive dielectron mass spectrum at CDF.

for the coupling k/MPl = 0.1 is 1058 GeV/c2 at 95% CL, making it the strongest limit to
date. A similar search is performed in the dimuon channel using 4.3 fb−1 of data and no
excess is observed (fig. 3). The result is interpreted in terms of Z′ production and limits
are set on several Z′ production scenario: such limits are extending to the kinematical
reach of the Tevatron (sequential SM Z′ limit is set for example to 1071 GeV/c2 at 95%
CL, making it one of the most stringent in this channel).

3. – Search for extra vector bosons and diboson resonances

A recent result by the D0 Collaboration [6] concerns the search for resonant WW
or WZ production. The dataset used corresponds to 5.4 fb−1 of integrated luminosity
collected by the D0 experiment. The search for these resonances in the diboson decay
channel covers the possibility that their coupling to leptons may be lower than the value
predicted by the SM. The data are consistent with the standard model background expec-
tation (figs. 4 and 5), and limits are set on a resonance mass using the sequential standard
model (SSM) W boson and the Randall-Sundrum model graviton G as benchmarks. D0
excludes a SSM W′ boson in the mass range 180–690 GeV and a Randall-Sundrum gravi-
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Fig. 3. – Inclusive dimuons mass spectrum at CDF.
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Fig. 4. – Reconstructed WZ mass in the lνjj, lljj, lllν channels, D0 Collaboration.

ton in the range 300–754 GeV at 95% CL There are two recent direct searches for WZ
or WW resonances by the CDF and D0 collaborations [7,8] that exclude WZ resonances
with mass below 516 and 520 GeV, respectively, and an RS graviton G→WW resonance
with mass less than 607 GeV. Indirect searches for new physics in the WW and WZ
diboson systems through measurements of the triple gauge couplings also show no de-
viation from the SM predictions [9-11] Finally the CDF collaboration has very recently
excluded M(W′) < 1.1 TeV, when assuming the W′ boson decays as in the SM [12].

4. – Search for New Physics in complex final states

4
.
1. gamma plus jets. – Many new physics models predict mechanisms that could

produce a γ+jets signature. CDF searches in the γ+jets channel, independently of any
model, for New Physics using 4.8 fb−1 of CDF Run II data [13]. A variety of techniques
are applied to estimate the Standard Model expectation and non-collision backgrounds.
Several kinematic distributions are examined, including photon ET, invariant masses,
and total transverse energy in the event for discrepancies with predictions from the
Standard Model (figs. 6 and 7). The data are found to be consistent with Standard
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Fig. 6. – Missing energy distribution for γ ± 1 jet, CDF Collaboration.

Model expectations. This global search for new physics in γ+jets channel reveals no
significant indication of physics beyond Standard Model.

4
.
2. gamma plus b-jets plus MET + leptons. – A search for anomalous production of

the signature l + γ + b-quark+MET (lγ MET b) has been performed by using 6.0 fb−1

of data taken with the CDF detector [14]. In addition to the lγ MET b signature-based
search, CDF also presents for the first time a search for top pair production with an
additional radiated photon, tt̄ + γ. 85 events of lγ MET b versus an expectation of
99.1 ± 7.61 events. Additionally requiring the events to contain at least 3 jets and to
have a total transverse energy of 200 GeV, CDF observes 30 tt̄γ candidate events versus

an expectation from non-top standard model (SM) sources of 13.0 ± 2.1. Assuming the
difference between the observed number and the predicted non-tt̄γ SM total is due to
tt̄γ production, the collaboration measures the tt̄γ cross section to be 0.18 0.07(stat.) ±
0.04(sys.)±0.01(lum.) pb. We also measure a ratio of the tt̄γ cross section to the tt̄ cross
section to be 0.024 ± 0.009.
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Fig. 7. – Missing energy distribution for γ ± 2 jet, CDF Collaboration.
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4
.
3. Multijets resonances. – A new analysis from CDF has been performed to search

for 3-jet hadronic resonances in 3.2 fb−1 of data [15]. Typical searches for New Physics
require either leptons and/or missing transverse energy, however, they might be blind to
new physics which have strong couplings and therefore decay into quarks and gluons. The
CDF collaboration used 3.2 fb−1 of data in a model-independent search that reconstructs
hadronic resonances in multijet final states. Although the analysis is not optimized for
a specific model of new physics, we use as a possible benchmark, R-parity violating
supersymmetric (RPV SUSY) gluino pairs production, with each gluino decaying into
three objects. Since no significant excess is observed in the data a 95% CL limit is set on
σ(pp̄ → XX)×Br(g̃g̃ → 3jets+3jets), where X = g̃, q̃, as a function of the gluino invariant
mass (fig. 13). To extract signal from the multijet QCD background, kinematic quantities
and correlations are used to create an ensemble of jet combinations. Incidentally, the
all-hadronic tt̄ decay has a signature similar to the signal searched for in this analysis.
The biggest challenge of the analysis is the large QCD background that accompanies
multijet resonances. A data driven approach is used to parameterize such background.
An ensemble consists of 20 (or more) possible jet triplets from the ≥ 6 hardest jets in
the event. For every event, we calculate each jet triplet invariant mass, Mjjj , and scalar
sum pT , Σjjj |pT |. Using the distribution of Mjjj vs. Σjjj|pT | ensures that the correct
combination of jets in pre-defined kinematic regimes is reconstructed, since the incorrect
(uncorrelated) triplets tend to have Mjjj = Σjjj|pT |. The correct (correlated) triplet
produces a horizontal branch in the signal at approximately the invariant mass of the
signal that is not present for the background as can be seen in figs. 9, 10, 11, 12.

4
.
4. Top + MET . – We conclude with a search for a new particle T′ decaying to top

quark via T′ → t + X, where X is an invisible particle [16]. In a data sample with 4.8 fb−1

of integrated luminosity collected by the CDF II detector, the search is conducted for
pair production of T′ in the lepton+jets channel, pp̄ → tt̄ + X + X → lνbqqb̄ + X + X.
Such process would produce extra missing energy and the key observable used in the
analysis is the transverse mass distribution of the lepton-missing energy system, which
in absence of new physics corresponds to the reconstructed W transverse mass. The
results are primarily interpreted in terms of a model where T′ are exotic fourth generation
quarks and X are dark matter particles [17]. Current direct and indirect bounds on such
exotic quarks restrict their masses to be between 300 and 600 GeV/c2, the dark matter
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Fig. 9. – Distributions of Mjjj versus Σjjj |pT |.
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Fig. 10. – Distributions of Mjjj versus Σjjj |pT |.
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Fig. 12. – Distributions of Mjjj versus Σjjj |pT | multiple entry(≥ 20).
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particle mass can be anywhere below mT ′ . The data are consistent with standard model
expectations, and CDF sets a 95% confidence level limits on the generic production of
TT′ → tt̄ + X + X, by performing a binned maximum-likelihood fit in the mW variable,
allowing for systematic and statistical fluctuations via template morphing. The observed
upper limits on the pair-production cross sections are converted to an exclusion curve in
the mass parameter space for the dark matter model involving fourth generation quarks.
The current cross section limits on the generic decay, T ′ → t +X, may be applied to the
many other models that predict the production of a heavy particle T′ decaying to top
quarks and invisible particles X, such as the supersymmetric process t̃ → t+χ0. Applying
these limits to the dark matter model CDF excludes fourth generation exotic quarks T′

at 95% confidence level up to mT ′ = 360 GeV/c2 for mX < 100 GeV/c2 (fig. 14).

5. – Conclusions

The CDF and D0 experiments are actively collecting and analyzing data at the
Tevatron collider. New physics is searched in a broad manner, using different ap-
proaches. In signature based analyses the data are scanned for anomalies point-
ing to indications of New Physics, while many dedicated searches for specific mod-
els are pursued, using the largest possible statistical samples. New results on search
for physics beyond the Standard Model are released almost daily. So far there
is no evidence for New Physics and numerous limits on new particle masses and
cross sections production are set. A broader set of updated results can be found
at: http://www-d0.fnal.gov/Run2Physics/WWW/results/np.htm and http://www-

cdf.fnal.gov/physics/exotic/exotic.html.
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Summary. — The first searches for New Physics with the CMS detector at the
LHC are presented. The discussed analyses are based on the data sample recorded
in 2010 at a centre-of-mass energy of 7 TeV, which corresponds to an integrated
luminosity of about 35 pb−1. Searches for excited vector bosons, leptoquarks, extra
dimensions as well as for supersymmetry in different final states are presented. No
significant deviations from Standard Model expectations have been observed and
thus limits on the parameter space of different New Physics scenarios are derived.

PACS 11.30.Pb – Supersymmetry.
PACS 14.80.Sv – Leptoquarks.
PACS 14.70.Pw – Other gauge bosons.

1. – Introduction

The start of operations at the Large Hadron Collider (LHC) at a centre-of-mass
energy of 7 TeV in 2010 has marked the beginning of a new era in the search for physics
beyond the Standard Model (SM). In 2010, the CMS experiment [1] recorded a data
sample with integrated luminosity of about 35 pb−1 of proton-proton collisions. Thanks
to the much higher centre-of-mass energy of the collisions, the physics reach is already
comparable to or larger than what has been achieved at previous experiments at LEP or
the Tevatron. In this article we report the results of the first searches for excited vector
bosons, leptoquarks and microscopic black holes. Furthermore, we discuss the results of
the first searches for supersymmetry (SUSY) involving missing transverse energy.

2. – W
′
and Z

′
searches

Several extensions of the SM predict the existence of further gauge bosons that can
be regarded as heavy analogues of the SM gauge bosons W and Z. Examples of such
models are left-right symmetric models [2-4], compositeness models [5] and Little Higgs
models [6].

c© Società Italiana di Fisica 415
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Fig. 1. – Left: transverse mass distributions for selected electron events in the W′ search. Right:
invariant mass distributions for dimuon events in the Z′ search.

The search for an excited W boson, W′, is generally explored using a benchmark
model [7] where the W′ has the same left-handed fermionic couplings as its SM counter-
part and where interactions with the SM gauge bosons are excluded. The most easily
identifiable experimental signature thus consists of a high-pT lepton accompanied by
large missing transverse momentum due to the undetected escaping neutrino. The pri-
mary discriminating variable is the transverse mass MT which is the equivalent of the
invariant mass of a four-vector computed with only the transverse components of those
four-vectors:

MT =

√

2 · Elep
T · Emiss

T · (1 − cos∆φ(lep, Emiss
T )) .(1)

As with a W, the MT distribution of W′ events is expected to exhibit a characteristic
Jacobian edge at the value of the mass of the decaying particle. Events are selected
where an electron with transverse momentum, pT > 30 GeV (pT > 25 GeV for muons)
has been identified. As the signal topology is a two-body decay which reconstructs
to a high mass, the energy of the neutrino and electron are expected to be mostly
balanced in the transverse plane, both in direction and in magnitude. We therefore
require 0.4 < Elep

T /Emiss
T < 1.5. For the same reason, we require that the angle between

the electron and the Emiss
T be close to π radians: ∆φ(lep, Emiss

T ) > 2.5 rad. The main
SM backgrounds stems from W→ ℓν decays in the tails of the SM W mass distribution.
Figure 1 shows the transverse mass distribution for selected events with electrons [8] and
the comparison with expected SM backgrounds from Monte Carlo (MC) simulation. In
addition, the expected signal from a W′ with different masses is overlaid. In the absence
of a signal, limits on the mass and production cross-section times branching fraction
are set. This is shown in fig. 2. In electron (muon) channel, a W′ with SM couplings
and branching fractions can be excluded at the 95% confidence level (CL) for masses
up to 1.36 (1.40) GeV [8, 9]. Combining the results from the two channels results in an
exclusion of W′ masses up to 1.58 GeV.

Analogous to the W′ searches, a search for a Z′ signature has been carried out [10].
Here, the high mass part of the Z resonance tail is studied. Events with two oppositely
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charged electrons (muons) with pT > 25 GeV (pT > 20 GeV) are selected. The dilepton
invariant mass spectrum for di-muon events is shown in fig. 1, together with the expected
SM backgrounds and an expected signal from a Z′ with mass of 750 GeV. In the absence
of an excess of events in the high mass tail over the SM expectation, limits on the
production cross section of Z′ with respect to SM Z are set as a function of the Z′ mass
(see fig. 2). By combining the electron and muon channels, the following 95% CL lower
limits on the mass of a Z′ resonance are obtained [10]: 1140 GeV for the Z′

SSM [11], and
887 GeV for Z′

Ψ [11] models. Randall-Sundrum Kaluza-Klein gravitons GKK [12, 13] are
excluded below 855 (1079) GeV for values of couplings 0.05 (0.10).

3. – Leptoquark searches

Several extensions of the standard model [14-18] predict the existence of leptoquarks
(LQ), hypothetical particles that carry both lepton and baryon numbers and couple to
both leptons and quarks. Leptoquarks are fractionally charged and can be either scalar
or vector particles. A search for pair-produced first (second) generation leptoquarks is
carried out in events with two electrons (muons) and two jets, each with pT > 30 GeV.
The main backgrounds from Z decays is rejected by requiring Mee > 125 GeV (Mµµ >
115 GeV). After this preselection, the main discriminating variable is defined as the
scalar sum of the lepton and jet pT’s: ST = ET(ℓ1) + ET(ℓ2) + ET(jet1) + ET(jet2).
The two variables are shown for di-electron events in fig. 3 [19] where good agreement
between data and SM expectation is found.

Figure 4 [19, 20] shows the 95% CL upper limit on the LQ pair production cross
section times β2, where β is the branching fraction for LQ → qe(μ)(1), as a function

(1) (1-β) is the branching fraction for LQ → qνe(νµ).
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of the LQ mass. First (second) generation leptoquarks can be excluded at 95% CL for
masses up to 384 GeV (394 GeV) for β = 1 [19,20].

4. – Searches for microscopic black holes

Extensions to the Standard Model proposing the existence of extra spatial dimensions
and low-scale quantum gravity offer the possibility of copious production of microscopic
black holes [21, 22]. In this model, the true Planck scale in 4 + n dimensions, MD, is
consequently lowered to the electroweak scale, much smaller than the apparent Planck
scale of MPl ∼ 1016 TeV seen by a 3+1 spacetime observer. The relationship between
MD and MPl follows from Gauss’s law and is given as M2

Pl = 8πMn+2
D rn.

The creation of microscopic black holes is possible when the two partons from colliding
beams pass each other at a distance smaller than the Schwarzschild radius corresponding
to their invariant mass. The such produced black holes would decay instantly via Hawking
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evaporation with an emission of a large numbers of energetic objects. The search thus
uses the scalar sum of all measured physics objects i (jets, muons, electrons, photons,
and the missing energy) with transverse energy, ET > 50 GeV as discriminating variable:
ST =

∑n
i=1 Ei

T.
The main standard model background consists of QCD multi-jet production but it was

found that the shape of the ST distribution does not depend on the object multiplicity.
It is thus possible to obtain a purely data driven background estimation for this search,
as the ST shape can be obtained from QCD di-jet events. Due to the small object mul-
tiplicity, this sample is basically signal free. The ST distribution for object multiplicities
of two and ≥ 5 is shown in fig. 5 [23]. No excess of events at high ST over the SM expec-
tation is observed. In fig. 6 the 95% CL upper limits in the black hole production cross
section are shown for different values of the effective Planck scale MD and the number
of extra spatial dimensions n. Furthermore, the 95% CL limits on the black hole mass
as a function of MD are shown [23]. The lower limits on the black hole mass at 95% CL
range from 3.5 to 4.5 TeV for values of the effective Planck scale up to 3 TeV.

5. – Searches for Supersymmetry

Supersymmetry is one of the most promising extensions to the Standard Model as
it provides solutions to several shortcomings of the former. SUSY provides a solution
to the hierarchy problem by stabilizing the Higgs mass through the introduction of new
particles. In addition, it naturally leads to a unification of the strong and electroweak
interactions at a scale around 1016 GeV and it predicts electroweak symmetry breaking,
which is the basis for understanding all masses via the Higgs mechanism. Finally, it
can accommodate a weakly interacting massive stable particle that can serve as a dark
matter candidate, thus providing a solution to one of the most intriguing problems in
modern particle physics and cosmology. In the following, searches for SUSY based on
different event topologies are discussed.
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5
.
1. The jets + missing energy topology. – The dominant production channels of

heavy coloured sparticles at the LHC are squark squark, squark gluino and gluino gluino
pair production. In the context of SUSY with R-parity conservation, heavy squarks and
gluinos decay into quarks, gluons and other SM particles, as well as a neutralino, i.e. the
lightest supersymmetric particle (LSP), which escapes undetected, leading to final states
with several hadronic jets and large missing transverse energy. While squark squark
production usually leads to two jets, gluino production typically results in higher jet
multiplicities.

For the jets + missing energy topology the background from multijet production, as
predicted by quantum chromodynamics (QCD), is several orders of magnitude larger
than the typical signal expected from SUSY. For this type of events, missing transverse
energy is introduced through mis-measurements of jets in the detector. For this reason,
a kinematic variable, αT, defined for di-jet events as

αT =
Ejet2

T

MT

=

√

Ejet2
T /Ejet1

T
√

2(1 − cos∆φ(jet1, jet2))
,(2)

is employed to separate events with real missing energy from those where missing energy
is introduced through mis-measurements. For QCD di-jet events, where the jets are
expected to be balanced in pT and back-to-back in azimuthal angle φ, this variable has
an expectation value of 0.5, and < 0.5 in case the two jets are not pT balanced, thus
exploiting the scalar and angular information of the measured jets. For events with real
missing energy, such as SUSY signal but also t̄t, W→ ℓν, and Z→ νν + jets events with
small transverse mass, αT can take on values > 0.5. Multi-jet events are reduced to a di-
jet topology by constructing pseudo-jets and using these in the calculation of αT. In the
calculation of αT jets with ET > 50 GeV are considered and HT =

∑n
i=1 Ejeti

T > 350 GeV
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Fig. 7. – αT distribution for dijet events (left) and events with ≥ 3 jets (right).

is required. Figure 7 shows the αT distribution for events with two (left) and ≥ 3 jets
(right) where the strong rejection power against QCD multi-jets events can be seen. The
remaining backgrounds from tt̄ and W→ ℓν decays are estimated with an inclusive muon
data control sample whereas the background from Z→ νν + jets events is estimated
from a photon + jets control sample. The combined background prediction amounts to
10.5+3.6

−2.5(stat) ± 2.5(syst) events compared to 13 events found in data [24]. We use this
result to set limits on the parameter space of the constrained minimal supersymmetric
extension of the standard model (CMSSM). This is shown in fig. 8 [24] which shows the
m0 vs. m1/2 plane, i.e. the universal scalar and gaugino mass, respectively. It can be
seen that the exclusion exceeds by far the limits set previously by experiments at LEP
and the Tevatron.

5
.
2. The opposite charge dilepton channel . – Pair produced heavy particles such as

squarks and gluinos can undergo cascade decays to SM particles, thus producing leptons
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in addition to hadronic jets. The requirement of isolated leptons significantly reduces
the background from QCD multi-jet events. Requiring two oppositely charged lep-
tons basically only leaves t̄t events as SM background. Events are selected requiring
at least one isolated lepton with pT > 20 GeV and the other with pT > 10 GeV. In
addition, at least two jets with pT > 30 GeV that are well separated from the lep-
tons are required and the scalar sum of their transverse energies is required to exceed
HT > 300 GeV. Furthermore, the missing transverse energy is Emiss

T > 50 GeV is re-

quired and y = Emiss
T /

√
HT > 8.5

√
GeV, which leaves about 1% of the di-lepton t̄t

events. To determine the remaining backgrounds, the fact that HT and y are nearly
uncorrelated is exploited. Defining signal and background regions in both variables, the
expected number of background events in the joint signal region can be obtained from the
three control regions [25]. A second method exploits the idea that in di-lepton t̄t events
the pT distributions of the charged leptons and neutrinos from W decays are related,
because of the common boosts from the top and W decays. This relation is governed
by the polarization of the W’s, which is well understood in top decays in the SM and
can therefore be reliably accounted for. The observed pT(ℓℓ) distribution is then used to
model the pT(νν) distribution, which is identied with Emiss

T .

In the signal region with y = Emiss
T /

√
HT > 8.5

√
GeV, one event is observed in

data compared with a background expectation of 1.3 ± 0.8 (stat) ±0.3 (syst) from the
first background estimation method and 2.1 ± 2.1 (stat) ±0.6 (syst) events from the
second method. Using the error weighted average of the two background predictions
of 1.4 ± 0.8 [25], a 95% CL exclusion limit in the m0 vs. m1/2 plane of the CMSSM is
calculated and displayed in fig. 8 [25].

5
.
3. The diphoton channel . – Supersymmetric models with general gauge mediation

(GGM) [26,27] have the gravitino as the lightest supersymmetric particle. In the models
considered here, the next-to-lightest supersymmetric particle is the lightest neutralino
that is assumed to decay promptly to an escaping gravitino and a photon. The search
requires two isolated photons with ET > 30 GeV in the barrel of the electromagnetic
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calorimeter and at least one jet with ET > 30 GeV. The main backgrounds arise from
SM processes with misidentified photons and/or mismeasured Emiss

T . The dominant con-
tribution comes from mismeasurement of Emiss

T in QCD processes such as direct diphoton,
photon plus jets, and multijet production, with jets mimicking photons in the latter two
cases. The Emiss

T distribution for γγ events is shown in fig. 9 [28]. For Emiss
T > 50 GeV,

one event is observed in data with a SM background expectation of 1.2± 0.4 (stat) ±0.8
(syst) events. The background expectation is obtained from two different data-driven
background estimation methods, selecting two fake photons in a QCD multi-jet sample
and two electrons from Z → e+e− decays, respectively [28]. In the absence of a signal,
the observed event yield is used to set limits on the production cross section of GGM
models as a function of the squark and gluino mass. The observed 95% confidence level
(CL) cross section limits vary between 0.3 and 1.1 pb for squark and gluino masses be-
tween 500 and 2000 GeV and a neutralino mass of 150 GeV. These cross section limits
can then be turned into lower limits on the squark and gluino masses which are displayed
in fig. 9 [28] for different neutralino masses.

6. – Summary

Based on the data collected in 2010, the CMS collaboration has carried out a wide
variety of searches for physics beyond the Standard Model. Unfortunately, so far no
evidence for a deviation from the SM expectation has been found but the sensitivity of
almost all these searches exceeds those of previous experiments at LEP and the Tevatron.
In the presented analyses great effort was made to determine the remaining Standard
Model backgrounds from data control samples with only small reliance on the Monte
Carlo simulation of the involved processes. This bodes well for future searches on the
much larger data sample that will be collected in 2011 and 2012.
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Summary. — In this talk, we will review the possibility to brake the electroweak
symmetry in a dynamical way. We present a class of phenomenologically viable
Walking Technicolor models, finally we analyze the potential of the Large Hadron
Collider to observe signatures from this kind of models.

PACS 12.60.Nz – Technicolor models.

1. – Introduction

The energy scale at which the Large Hadron Collider (LHC) experiment operates is
determined by the need to complete the Standard Model (SM) of particle interactions
and, in particular, to understand the origin of the ElectroWeak Symmetry Breaking
(EWSB). Together with classical general relativity the SM constitutes one of the most
successful models of nature. We shall, however, argue that experimental results and
theoretical arguments call for a more fundamental description of nature.

The SM can be viewed as a low-energy effective theory valid up to an energy scale
Λ. Above this scale new interactions, symmetries, extra dimensional worlds or any
other extension could emerge. At sufficiently low energies with respect to this scale one
expresses the existence of new physics via effective operators. The success of the SM
is due to the fact that most of the corrections to its physical observables depend only
logarithmically on this scale Λ. In fact, in the SM there exists only one operator which
acquires corrections quadratic in Λ. This is the squared mass operator of the Higgs boson.
Since Λ is expected to be the highest possible scale, in four dimensions the Planck scale
(assuming that we have only the SM and gravity), it is hard to explain naturally why the
mass of the Higgs is of the order of the Electroweak (EW) scale. This is the hierarchy
problem. Due to the occurrence of quadratic corrections in the cutoff this SM sector is
most sensitive to the existence of new physics.

In the models we will consider here the electroweak symmetry breaks via a fermion
bilinear condensate, and the Higgs being a composite object is now free from the nat-
uralness problem. The Higgs sector of the SM becomes an effective description of a
more fundamental fermionic theory. This is similar to the Ginzburg-Landau theory
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of superconductivity. If the force underlying the fermion condensate driving electroweak
symmetry breaking is due to a strongly interacting gauge theory these models are termed
Technicolor (TC).

2. – From color to technicolor

One of the main difficulties in constructing such extensions of the SM is the very
limited knowledge about generic strongly interacting theories. This has led theorists to
consider specific models of TC which resemble ordinary QCD and for which the large
body of experimental data at low energies can be directly exported to make predictions at
high energies. To reduce the tension with experimental constraints new strongly coupled
theories with dynamics different from the one featured by a scaled-up version of QCD
are needed.

Let us first review the mechanism of EWSB in QCD. In fact even in complete absence
of the Higgs sector in the SM the electroweak symmetry breaks [1] due to the condensation
of the following quark bilinear in QCD:

(1) 〈ūLuR + d̄LdR〉 �= 0.

This mechanism, however, cannot account for the whole contribution to the weak gauge
bosons masses. If QCD was the only source contributing to the spontaneous breaking of
the electroweak symmetry one would have

(2) MW =
gFπ

2
∼ 29MeV,

with Fπ ≃ 93 MeV the pion decay constant. This contribution is very small with respect
to the actual value of the W mass that one typically neglects it.

According to the original idea of TC [2, 3] one augments the SM with another gauge
interaction similar to QCD but with a new dynamical scale of the order of the electroweak
one. It is sufficient that the new gauge theory is asymptotically free and has global
symmetry able to contain the SM SU(2)L × U(1)Y symmetries. It is also required that
the new global symmetries break dynamically in such a way that the embedded SU(2)L×
U(1)Y breaks to the electromagnetic Abelian charge U(1)Q. The dynamically generated
scale will then be fit to the electroweak one.

The simplest example of TC theory is the scaled-up version of QCD, i.e. an SU(NTC)
non-Abelian gauge theory with two Dirac Fermions transforming according to the funda-
mental representation or the gauge group. We need at least two Dirac flavors to realize
the SU(2)L × SU(2)R symmetry of the SM discussed in the SM Higgs section. One
simply chooses the scale of the theory to be such that the new pion decaying constant is

(3) FTC
π = v ≃ 246GeV.

The flavor symmetries, for any NTC larger than 2 are SU(2)L × SU(2)R × U(1)V which
spontaneously break to SU(2)V × U(1)V reproducing the correct mass for the W± and
Z0 bosons.
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3. – Extended tecnicolor

Since in a purely TC model the Higgs is a composite particle the Yukawa terms, when
written in terms of the underlying TC fields, amount to four-fermion operators. The
latter can be naturally interpreted as a low-energy operator induced by a new strongly
coupled gauge interaction emerging at energies higher than the electroweak theory. These
type of theories have been termed Extended Technicolor (ETC) interactions [4, 5].

Without specifying an ETC one can write down the most general type of four-fermion
operators involving TC particles Q and ordinary fermionic fields ψ. Following the nota-
tion of Hill and Simmons [6] we write

(4) αab
Q̄γµT aQψ̄γµT bψ

Λ2
ETC

+ βab
Q̄γµT aQQ̄γµT bQ

Λ2
ETC

+ γab
ψ̄γµT aψψ̄γµT bψ

Λ2
ETC

,

where the T s are unspecified ETC generators.
The coefficients parametrize the ignorance on the specific ETC physics. To be more

specific, the α-terms, after the TC particles have condensed, lead to mass terms for the
SM fermions

(5) mq ≈ g2
ETC

M2
ETC

〈Q̄Q〉ETC,

where mq is the mass of, e.g., a SM quark, gETC is the ETC gauge coupling constant
evaluated at the ETC scale, METC is the mass of an ETC gauge boson and 〈Q̄Q〉ETC

is the TC condensate where the operator is evaluated at the ETC scale. Note that we
have not explicitly considered the different scales for the different generations of ordinary
fermions but this should be taken into account for any realistic model.

The β-terms provide masses for pseudo Goldstone bosons and also provide masses
for techniaxions [6]. The last class of terms, namely the γ-terms induce FCNCs. For
example it may generate the following terms:

(6)
1

Λ2
ETC

(s̄γ5d)(s̄γ5d) +
1

Λ2
ETC

(μ̄γ5e)(ēγ5e) + . . . ,

The experimental bounds on these type of operators together with the very naive as-
sumption that ETC will generate these operators with γ of order one leads to a constraint
on the ETC scale to be of the order of or larger than 103 TeV [4]. This should be the
lightest ETC scale which in turn puts an upper limit on how large the ordinary fermionic
masses can be. The naive estimate is that one can account up to around 100 MeV mass
for a QCD-like TC theory, implying that the top quark mass value cannot be achieved.

To better understand in which direction one should go to modify the QCD dynamics,
we analyze the TC condensate. The value of the TC condensate used when giving mass
to the ordinary fermions should be evaluated not at the TC scale but at the ETC one.
Via the renormalization group one can relate the condensate at the two scales via

(7) 〈Q̄Q〉ETC = exp

(∫ ΛETC

ΛTC

d(lnμ)γm(α(μ))

)
〈Q̄Q〉TC,
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where γm is the anomalous dimension of the techniquark mass operator. The boundaries
of the integral are at the ETC scale and the TC one.

The tension between having to reduce the FCNCs and at the same time provide a
sufficiently large mass for the heavy fermions in the SM as well as the pseudo-Goldstones
can be reduced if the theory has a near conformal fixed point. This kind of dynamics
has been denoted as of walking type.

In the walking regime

(8) 〈Q̄Q〉ETC ∼
(

ΛETC

ΛTC

)γm(α∗)

〈Q̄Q〉TC,

which is a much larger contribution than in QCD dynamics [7-10]. Here γm is evaluated
at the would be fixed point value α∗. Walking can help resolving the problem of FCNCs
in TC models since with a large enhancement of the 〈Q̄Q〉 condensate the four-Fermi op-
erators involving SM fermions and technifermions and the ones involving technifermions
are enhanced by a factor of ΛETC/ΛTC to the γm power while the one involving only SM
fermions is not enhanced.

Another relevant point is that a near conformal theory would still be useful to reduce
the contributions to the precision data and, possibly, provide a light composite Higgs of
much interest to LHC physics [11].

4. – Minmal models with walking dynamics

The existence of a new weak doublet of technifermions amounting to, at least, a global
SU(2)L×SU(2)R symmetry later opportunely gauged under the electroweak interactions
is the bedrock on which models of TC are built on.

It is therefore natural to construct first minimal models of TC passing precision
tests while also reducing the FCNC problem by featuring near conformal dynamics.
By minimal we mean with the smallest fermionic matter content. These models were
put forward recently in [12, 11]. To be concrete we describe here the Minimal Walking
Technicolor extension of the SM.

The extended SM gauge group is now SU(2)TC ×SU(3)C ×SU(2)L ×U(1)Y and the
field content of the TC sector is constituted by four techni-fermions and one techni-gluon
all in the adjoint representation of SU(2)TC. The model features also a pair of Dirac
leptons, whose left-handed components are assembled in a weak doublet, necessary to
cancel the Witten anomaly [13] arising when gauging the new technifermions with respect
to the weak interactions. Summarizing, the fermionic particle content of the MWT is
given explicitly by

(9) Qa
L =

(
Ua

Da

)

L

, Ua
R, Da

R, a = 1, 2, 3,

with a being the adjoint color index of SU(2). The left handed fields are arranged in
three doublets of the SU(2)L weak interactions in the standard fashion. The condensate
is 〈ŪU + D̄D〉 which correctly breaks the electroweak symmetry as already argued for
ordinary QCD in eq. (1).
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To discuss the symmetry properties of the theory it is convenient to use the Weyl
basis for the fermions and arrange them in the following vector transforming according
to the fundamental representation of SU(4)

(10) Q =

⎛
⎜⎜⎜⎝

UL

DL

−iσ2U∗

R

−iσ2D∗

R

⎞
⎟⎟⎟⎠ ,

where UL and DL are the left-handed techniup and technidown, respectively and UR and
DR are the corresponding right-handed particles. Assuming the standard breaking to
the maximal diagonal subgroup, the SU(4) symmetry spontaneously breaks to SO(4).
Such a breaking is driven by the following condensate:

(11) 〈Qα
i Qβ

j ǫαβEij〉 = −2〈URUL + DRDL〉,

where the indices i, j = 1, . . . , 4 denote the components of the tetraplet of Q, and the
Greek indices indicate the ordinary spin. The matrix E is a 4×4 matrix defined in terms
of the 2-dimensional unit matrix as

(12) E =

(
0 �

� 0

)
.

Here ǫαβ = −iσ2
αβ and 〈Uα

LUR
∗β

ǫαβ〉 = −〈URUL〉. A similar expression holds for
the D techniquark. The above condensate is invariant under an SO(4) symmetry. This
leaves us with nine broken generators with associated Goldstone bosons, of which three
become the longitudinal degrees of freedom of the weak gauge bosons.

Another example is the Next to Minimal Walking Technicolor (NMWT). The theory
with three technicolors contains an even number of electroweak doublets, and hence it
is not subject to a Witten anomaly. The doublet of technifermions, is then represented
again as

(13) Q
{C1,C2}

L =

(
lU{C1,C2}

D{C1,C2}

)

L

, Q
{C1,C2}

R =
(
U

{C1,C2}

R , D
{C1,C2}

R

)
.

Here Ci = 1, 2, 3 is the technicolor index and QL(R) is a doublet (singlet) with respect
to the weak interactions. Since the two-index symmetric representation of SU(3) is
complex the flavor symmetry is SU(2)L×SU(2)R×U(1). Only three Goldstones emerge
and are absorbed in the longitudinal components of the weak vector bosons.

Despite the different envisioned underlying gauge dynamics it is a fact that the SM
structure alone requires the extensions to contain, at least, the following chiral symmetry
breaking pattern (insisting on keeping the custodial symmetry of the SM):

(14) SU(2)L × SU(2)R → SU(2)V.
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Based on the previous symmetry breaking pattern we describe the low-energy spec-
trum in terms of the lightest spin one vector and axial-vector iso-triplets V ±,0, A±,0 as
well as the lightest iso-singlet scalar resonance H. In QCD the equivalent states are the
ρ±,0, a±,0

1 and the f0(600). It has been argued in [14], using large-N arguments, and
in [11], using the saturation of the trace of the energy momentum tensor, that models of
dynamical electroweak symmetry breaking featuring (near) conformal dynamics contain
a composite Higgs state which is light with respect to the new strongly coupled scale
(4πv with v ≃ 246 GeV). These indications have led to the construction of models of TC
with a naturally light composite Higgs. Recent investigations using Schwinger-Dyson [15]
and gauge-gravity dualities [16] also arrived to the conclusion that the composite Higgs
can be light. The 3 technipions Π±,0 produced in the symmetry breaking become the
longitudinal components of the W and Z bosons.

The composite spin one and spin zero states and their interaction with the SM fields
are described via the following effective Lagrangian:

Lboson = −1

2
Tr

[
W̃µνW̃µν

]
− 1

4
B̃µνB̃µν − 1

2
Tr [FLµνFµν

L + FRµνFµν
R ](15)

+m2Tr
[
C2

Lµ + C2
Rµ

]
+

1

2
Tr

[
DµMDµM†

]
− g̃2 r2 Tr

[
CLµMCµ

RM†
]

− i g̃ r3

4
Tr

[
CLµ

(
MDµM† − DµMM †

)
+ CRµ

(
M†DµM − DµM†M

)]

+
g̃2s

4
Tr

[
C2

Lµ + C2
Rµ

]
Tr

[
MM †

]
+

μ2

2
Tr

[
MM †

]
− λ

4
Tr

[
MM †

]2
,

where W̃µν and B̃µν are the ordinary electroweak field strength tensors, FL/Rµν are the
field strength tensors associated to the vector meson fields AL/Rµ and the CLµ and CRµ

fields are

(16) CLµ ≡ ALµ − g

g̃
W̃µ , CRµ ≡ ARµ − g′

g̃
B̃µ .

The 2 × 2 matrix M is

(17) M =
1√
2

[v + H + 2 i πa T a] , a = 1, 2, 3,

where πa are the Goldstone bosons produced in the chiral symmetry breaking, v = μ/
√

λ
is the corresponding VEV, H is the composite Higgs, and T a = σa/2, where σa are the
Pauli matrices. The covariant derivative is

(18) DµM = ∂µM − i g W̃ a
µ T aM + i g′ M B̃µ T 3.

When M acquires a VEV, the Lagrangian of eq. (15) contains mixing matrices for the
spin one fields. The mass eigenstates are the ordinary SM bosons, and two triplets of
heavy mesons, of which the lighter (heavier) ones are denoted by R±

1 (R±

2 ) and R0
1 (R0

2).
These heavy mesons are the only new particles, at low energy, relative to the SM.
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Fig. 1. – The cross section for pp → WH production at 7 TeV in the center of mass (W+H and
W−H modes are summed up) versus MA for S = 0.3, s = (+1, 0, 1) and g̃ = 3 (left) and g̃ = 6
(right). The dotted line at the bottom indicates the SM cross section level.

5. – Phenomenological implications

New physics signals are expected from the vector meson and the composite Higgs
sectors.

The heavy spin-one resonances, R0
1,2 and R±

1,2, can be produced trough DY precesses.
In particular very important signature are given by the following processes with lepton
signatures:

1) ℓ+ℓ− signature from the process pp → R0
1,2 → ℓ+ℓ−,

2) ℓ + /ET signature from the process pp → R±

1,2 → ℓ±ν,

3) 3ℓ + /ET signature from the process pp → R±

1,2 → ZW± → 3ℓν,

where ℓ denotes a charged lepton (electron or muon) and /ET is the missing transverse
energy. A detailed analysis of this and other channel is presented in [17,18].

The presence of the heavy vectors is prominent in the associate production of the
composite Higgs with SM vector bosons, as first pointed out in [19].

The resonant production of heavy vectors can enhance HW and ZH production by a
factor 10 as one can see in fig. 1 (right). This enhancement occurs for low values of the
vector meson mass and large values of g̃.

6. – Conclusions

We introduced extensions of the SM in which the Higgs emerges as a composite state.
In particular we motivated TC, constructed underlying gauge theories leading to minimal
models of TC and constructed the low-energy effective theory.

LHC can be sensitive to spin one states as heavy as 2 TeV. One TeV spin one states
can be observed already with 100 pb−1 integrated luminosity in the dilepton channel.
The enhancement of the composite Higgs production is another promising signature.
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Summary. — This paper presents CERN and its current scientific programme
and outlines options for high-energy colliders at the energy frontier for the years
to come. The immediate plans include the exploitation of the LHC at its design
luminosity and energy as well as upgrades to the LHC and its injectors. This may
be followed by a linear electron-positron collider, based on the technology being
developed by the Compact Linear Collider and by the International Linear Collider,
or by a high-energy electron-proton machine, the LHeC. This contribution describes
the past, present and future directions, all of which have a unique value to add to
experimental particle physics, and concludes by outlining key messages for the way
forward.

PACS 14.80.Da – Supersymmetric Higgs bosons.
PACS 12.60.Jv – Supersymmetric models.
PACS 12.38.Mh – Quark-gluon plasma.
PACS 12.15.Ff – Quark and lepton masses and mixing.

1. – CERN - A global laboratory for particle physics

The mission of CERN is fourfold:

– Push back the frontiers of knowledge. This includes gaining further understanding

of the secrets of the early Universe shortly after the Big Bang and the nature of

matter within the first moments of the Universe’s existence.

– Develop new technologies for accelerators, detectors and computing. These tech-

nologies can subsequently be transferred to other applications, something which

has happened with the World Wide Web and the Grid in information technology

and with diagnosis and therapy techniques in medicine.

– Train the scientists and engineers of tomorrow.

– Unite people from different countries and cultures.
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Fig. 1. – The LHC accelerator and the ALICE, ATLAS, CMS and LHCb experiments. There
are also three smaller experiments - LHCf, MoEDAL and TOTEM.

The above mission is supported by the more than 10 000 scientific users from the

Member States, Observer States and states with which CERN has concluded co-operation

agreements. A survey conducted in March 2009 shows that the age of scientists at CERN

peaks in the 20s and that there are more than 2 500 PhD students in the LHC experiments

alone. Earlier surveys of the destination of students during the LEP period showed that

after completing their PhDs most students went on to careers in the private sector.

Amongst the numerous education and training programmes, the CERN Summer Stu-

dent Programme is of particular note. About 250 advanced undergraduate students

joined the programme in 2010, originating from both Member States and non-Member

States. Moreover, the High School Teacher Programme has been highly successful in

bringing to CERN about 3 000 teachers during the period 1998-2010, with close to 1 000

teachers in 2010 alone. The knowledge and skills they obtain during their stays at CERN

is then transferred to the classroom, with highly visible effects in capturing the interest

and imagination of the next generation of would-be scientists.

2. – The Large Hadron Collider

2
.
1. The Physics. – The Large Hadron Collider (LHC) [1] is primarily a proton-proton

collider (see fig. 1) with a design centre-of-mass energy of 14 TeV and nominal luminosity

of 1034 cm−2 s−1, and will also be operated in heavy-ion mode. The high 40 MHz proton-

proton collision rate and the tens of interactions per crossing result in an enormous

challenge for the experiments and for the collection, storage and analysis of the data.
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By colliding unparalleled high-energy and high-intensity beams, the LHC is opening

up previously unexplored territory at the TeV scale in great detail, allowing the exper-

iments to probe deeper inside matter and providing further understanding of processes

that occurred very early in the history of the Universe.

Of central importance to the LHC is the elucidation of the nature of electroweak sym-

metry breaking, for which the Higgs mechanism and the accompanying Higgs boson(s)

are presumed to be responsible. In order to make significant inroads into the Standard

Model Higgs Boson search, sizeable integrated luminosities of several fb−1 are needed.

However, even with 1 fb−1 per experiment, discovery of the Standard Model Higgs Boson

is still possible in mass regions beyond the lower limit of 114.4 GeV from direct searches

at LEP2. At the initial LHC centre-of-mass energy of 7 TeV and with 1 fb−1 per exper-

iment, combining the results from ATLAS and CMS would provide a 3 σ sensitivity to

a Standard Model Higgs Boson mass in the range 135 GeV to 475 GeV, and will exclude

the Standard Model Higgs Boson between 120 GeV and 530 GeV at 95% CL. Combining

the results from ATLAS and CMS at 7 TeV centre-of mass energy and assuming about

10 fb−1 per experiment would exclude at 95% CL the mass range from 600 GeV down

to the LEP2 lower limit and would also provide a 3 σ sensitivity to a Standard Model

Higgs Boson in the same mass range.

The reach for new physics at the LHC is considerable already at LHC start-up. In

Supersymmetry (SUSY) theory, due to their high production cross-sections, squarks and

gluinos can be produced in significant numbers even at modest luminosities. This would

enable the LHC to start probing the nature of dark matter. The LHC discovery reach

for SUSY particles is up to a mass of about 700 GeV for 1 fb−1 per experiment at 7 TeV

centre-of-mass energy.

The discovery reach for new heavy bosons Z′ and W′ is about 1.6 TeV and 2.1 TeV,

respectively, for 1 fb−1 per experiment at 7 TeV centre-of-mass energy.

The LHC will also provide information on the unification of forces, the number of

space-time dimensions and on matter-antimatter asymmetry. With the heavy-ion colli-

sion mode, the LHC will probe the formation of the quark-gluon plasma at the origin of

the Universe.

2
.
2. LHC Operations

2
.
2.1. The Past. The start-up of the LHC on 10 September 2008 was a great success for

both the accelerator and the experiments. Circulating beams were established rapidly

and the beams were captured by the radiofrequency system with optimum injection

phasing and with the correct reference. The incident of 19 September 2008, caused by

a faulty inter-magnet bus-bar splice, resulted in significant damage in Sector 3-4 of the

accelerator. Actions were taken immediately to repair the damage and to introduce

measures to avoid any re-occurrence. The damaged thirty-nine main dipole magnets and

fourteen quadrupole magnets were removed and replaced. Fast pressure release valves

(DN200) were added on the main magnets, an improved anchoring on the vacuum barriers

was introduced around the ring, and most importantly an enhanced quench protection

system was implemented. Any remaining risks to the LHC, due to the shortcomings

of copper-stabilizer joints of the main LHC magnets, are minimized by limiting the top

beam energy in the first years of LHC operation.

Excellent progress was made in the above-mentioned repair, consolidation and im-

provement work, and first collisions at the LHC were recorded by the experiments on 23

November 2009 at a centre-of-mass energy of 900 GeV. During this first physics run at
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Fig. 2. – First collisions at 7 TeV centre-of-mass energy.

the end of 2009, the LHC accelerator performed exceptionally and the readiness of the

experiments and the computing Grid was excellent, resulting in impressive preliminary

results provided already at an open seminar held at CERN on 18 December 2009 and

the prompt publication of the first physics results by year’s end.

First LHC beams for 2010 were available on 27 February for commissioning the accel-

erator with beam. This was followed by first physics collisions at 7 TeV centre-of-mass

energy on 30 March (see fig. 2) and by the first physics runs with a stronger focus-

ing at the interaction points. During the 2009 and 2010 LHC physics runs, data has

been collected at 900 GeV, 2.36 TeV and 7 TeV centre-of-mass energies with increasing

instantaneous luminosities.

The main LHC achievements for 2010 can be summarized as follows:

– Excellent performance of the LHC machine for both proton and Pb-ion beams.

Beam operation availability was 65% on average. Peak instantaneous luminosities

of 2×1032 cm−2 s−1 were attained for proton-proton collisions, which were a factor

of two above the 2010 goal and which resulted in almost 50 pb−1 of integrated

luminosity delivered to the experiments. Following a short 4-day switch-over to Pb-

ion beams, peak luminosities of 3×1025 cm−2 s−1 were attained for Pb-Pb collisions

with almost 10µb−1 of integrated luminosity delivered to the experiments.

– The experiments took data of excellent quality and with high efficiency. The physics

analyses re-measured the science of the Standard Model of Particle Physics, in many

instances superseding limits set at the Tevatron while taking the LHCs first steps

into new territory. As a result, 54 physics papers based on the 2010 data were

published and more than 1140 conference presentations were made by the LHC

experiments.

– The performance of the LHC Computing Grid was also outstanding, exceeding the

design bandwidth and allowing a very fast reconstruction and analysis of the data.
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2
.
2.2. The Present. At the LHC Performance Workshop in Chamonix, held at the

end of January 2011, the current state of the LHC was evaluated and presented, leading

subsequently to the following decisions:

– The LHC will be operated during 2011 and 2012 with target integrated luminosities

of 1 fb−1 by the end of 2011 at 3.5 TeV/beam and of several fb−1 by the end of

2012. Heavy-ion runs are scheduled at the end of both years, each of about 4 weeks

duration. A technical stop of about 3 months around Christmas 2011 is needed.

– This extended operations period will be followed by a long shutdown (of about

20 months beam-to-beam) starting at the end of 2012 to repair and consoli-

date the inter-magnet copper-stabilizers (splices) to allow for safe operation up

to 7 TeV/beam for the lifetime of the LHC.

– In the shadow of the inter-magnet copper-stabilizer work, the installation of the

pressure rupture disks (DN200) will be completed and around 20 magnets which are

known to have problems for high energy will be repaired or replaced. In addition,

PS and SPS consolidation and upgrade work will be carried out.

– During this shutdown, the collimation system will also be upgraded at region Point

3 of the LHC.

– The experiments will use the shutdown to implement a programme of consolidation,

improvements and upgrades.

2
.
2.3. The Future. The coming years will lay the foundation for the next decades

of high-energy physics at the LHC. The LHC research programme until around 2030

is determined by the full exploitation of its physics potential, consisting of the design

luminosity and the high-luminosity upgrade (HL-LHC), together with superconducting

higher-field magnets for a higher-energy proton collider (HE-LHC), if necessitated by the

physics. These initiatives will position CERN as the laboratory at the energy frontier.

The strategy for the LHC for the coming years is the following:

– Exploitation of the physics potential of the LHC up to design conditions in the

light of running experience and by optimizing the schedule for physics.

– Preparation of the LHC for a long operational lifetime through appropriate modi-

fications and consolidation to the machine and detectors and through the build-up

of an adequate spares inventory.

– In the years 2015, 2016 and 2017, the LHC will be operated towards 7 TeV/beam

with increased intensities and luminosities.

– In 2017/2018, a long shutdown is scheduled to connect LINAC4 [2], to complete

the PS Booster energy upgrade, to finalize the collimation system enhancement

and to install LHC detector improvements. After this shutdown, a further period

of three years of LHC operation at 7 TeV/beam and at least the design luminosity

is planned (with short technical stops around the end of each year).

– The ambitious longer-term plans include a total integrated luminosity of the order

of 3000 fb−1 (on tape) by the end of the life of the LHC. This High-Luminosity LHC

(HL-LHC) implies an annual luminosity of about 250-300 fb−1 in the second decade
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of running the LHC. The HL-LHC upgrade is also required to implement modifi-

cations to elements in the insertion regions of the machine whose performance has

deteriorated due to radiation effects, such as the inner triplet quadrupole magnets.

The HL-LHC upgrade is scheduled for the 2021/2022 long shutdown.

– LHC detector R&D and upgrades to make optimal use of the LHC luminosity.

This strategy is also driven by the necessity to bring the LHC injector chain and

the technical and general infrastructure up to the high standards required for a world

laboratory in order to ensure reliable operation of the CERN complex.

3. – Fixed-target physics

CERN has a rich fixed-target physics programme, consisting of experiments at the

facilities of the Antiproton Decelerator (AD) [3], the neutron Time-of-Flight (nTOF) [4],

the On-Line Isotope Mass Separator (ISOLDE) [5], the axion search experiments [6] and

at the external lines of the Proton Synchrotron (PS) and Super Proton Synchrotron

(SPS). Information on all fixed-target experiments can be found in the CERN Database

of Experiments [7] and only a few examples are given here.

The Antiproton Decelerator is a unique machine providing low-energy antiprotons for

studies of antimatter and in particular for creating anti-atoms. In 2002 the ATHENA

and ATRAP experiments at the AD successfully made large numbers of anti-atoms for

the first time. Currently, the AD serves three experiments that are studying antimatter:

ALPHA, ASACUSA and ATRAP. A fourth experiment, ACE, also uses antiprotons,

in this case to assess the suitability of antiprotons for cancer therapy. The highlight

for 2010 was the first trapping of anti-hydrogen atoms by the ALPHA and ASACUSA

experiments, which attracted much interest in the international media and which was

cited as Breakthrough of the Year by the Physics World Magazine.

The CERN Neutrinos to Gran Sasso (CNGS) [8] programme has the aim of studying

neutrino oscillations. The CNGS beam consists primarily of muon neutrinos sent from

CERN to the Gran Sasso National Laboratory (LNGS), 732 km away in Italy. There, two

experiments, OPERA [9] and ICARUS [10], measure the oscillation of muon neutrinos

to tau neutrinos in the intervening long baseline. Recently, OPERA has observed the

first tau neutrinio candidate event in their detector and ICARUS has detected the first

neutrino interaction in their T600 module.

The CLOUD experiment [11] is using a cloud chamber to study the possibile link

between cosmic-rays and cloud formation. The CLOUD experiment recorded very clean

data in 2010, which allowed the first measurement of the critical cluster at the molecular

level for various temperatures.

4. – The way forward and the European strategy for particle physics

The LHC will provide a first indication of any new physics at energies of the TeV scale.

Many of the questions left open by the LHC and its upgrades may be addressed best by an

electron-positron collider, based on technology developed by the Compact Linear Collider

(CLIC) [12] and International Linear Collider (ILC) [13] Collaborations. Moreover, the

option of a high-energy electron-proton collider (LHeC) [14] is being considered for the

high-precision study of QCD and of high-density matter.

Great opportunities are in store at the TeV scale and a fuller understanding of Nature

will come about through a clearer insight at this energy level. The discovery of the
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Standard Model over the past few decades has advanced through the synergy of hadron-

hadron (e.g., SPS and the Tevatron), lepton-hadron (HERA) and lepton-lepton colliders

(e.g., LEP and SLC). Such synergies should be continued in the future and thus a strategy

has been developed along these lines. An upgrade to the LHC will not only provide an

increase in luminosity delivered to the experiments, but will also provide the occasion to

renew the CERN accelerator complex. The ILC could be constructed now whereas further

R&D is needed for CLIC. There is a drive to converge towards a single electron-positron

linear collider project. The above effort on accelerators should advance in parallel with

the necessary detector R&D. First results from the LHC will be decisive in indicating

the direction that particle physics will take in the future.

European particle physics is founded on strong national institutes, universities and

laboratories, working in conjunction with CERN. The increased globalization, concen-

tration and scale of particle physics require a well-coordinated European strategy. This

process started with the establishment of the CERN Council Strategy Group, which or-

ganized an open symposium in Orsay in 2006, a final workshop in Zeuthen in May 2006

and with the strategy document being signed unanimously by Council in July 2006 in

Lisbon [15]. CERN considers experiments at the high-energy frontier to be the premier

physics priority for the coming years. This direction for future colliders at CERN follows

the priorities set in the strategy document. The European Strategy for Particle Physics

includes several other key areas of research, all in line with the plans of CERN for the

future directions. The start of the LHC physics exploitation is leading to important input

for the update of the European strategy for particle physics planned for 2012.

CERN Council opened the door to greater integration in particle physics when it

recently unanimously adopted the recommendations to examine the role of CERN in the

light of increasing globalization in particle physics. The key points agreed by Council

include a) all states shall be eligible for CERN Membership, irrespective of their geo-

graphical location; b) a new Associate Membership status is to be introduced to allow

non-Member States to establish or intensify their institutional links with CERN; and c)

the participation of CERN in global projects is to be enabled wherever they are sited.

5. – Future high-energy linear colliders

5
.
1. The Compact Linear Collider (CLIC). – The conceptual lay-out of CLIC is based

on using lower-energy electron beams to drive high-energy beams. The fundamental

principle is that of a conventional AC transformer. The lower-energy drive beam serves

as an RF source that accelerates the high-energy main beam with a high-accelerating

gradient. The nominal centre-of-mass energy is up to 3 TeV, the luminosity exceeds

1034 cm−2 s−1, the main linear accelerator frequency is 12 GHz, the accelerating gradient

is 100 MeV/m and the total length of the main linear accelerators is 48.3 km.

CLIC requires more R&D. In particular, the target accelerating gradient is consider-

ably high and requires very aggressive performance from the accelerating structures. The

nominal CLIC accelerating gradient has been exceeded in an unloaded structure with a

very low breakdown probability of less than 3 × 10−7 per metre after RF conditioning

for 1200 hours.

The mandate of the CLIC team is to demonstrate the feasibility of the CLIC concept

by the year 2012 in a Conceptual Design Report. If this effort is successful, and if the

new physics revealed by the LHC warrants, the next phase of R&D on engineering and

cost issues will be launched. This would serve as the basis for a Technical Design Report

and a request for project approval.
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5
.
2. The International Linear Collider (ILC). – The ILC, which is an option for a lin-

ear electron-positron collider at lower energies than CLIC, is based on a more conventional

design for acceleration using superconducting standing wave cavities with a nominal ac-

celerating field of 31.5 MeV/m and a total length of 31 km at 500 GeV centre-of-mass

energy and upgradable to around 1 TeV. A two-stage technical design phase during

2010-2012 is presently underway. A major contribution from Europe and from DESY

to the ILC Global Design Effort is the European X-ray Laser Project XFEL at DESY.

The purpose of the facility is to generate extremely brilliant and ultra-short pulses of

spatially-coherent X-rays. The electron energy is brought up to 20 GeV through a su-

perconducting linear accelerator, of length one-tenth that of the ILC superconducting

linear accelerator, and conveyed to long undulators where the X-rays are generated and

delivered to the experimental stations. The XFEL technical design is ready and the aim

is to start operation of the XFEL in 2015.

The strategy to address key issues common to both linear colliders involves close

collaboration between ILC and CLIC. Recent progress has been encouraging in this

respect and common meetings between ILC and CLIC are being held regularly.

5
.
3. Detector challenges. – R&D on key components of the detector for a linear col-

lider is mandatory and also well underway. High-precision measurements demand a new

approach to the reconstruction. Particle flow, namely reconstruction of all particles, is

thus proposed requiring unprecedented granularity in three dimensions of the detection

channels.

6. – Key messages

Particle physics will need to adapt to the evolving situation. Facilities for high-

energy physics (as for other branches of science) are becoming larger and more expensive.

Funding is not increasing and the timescale for projects is becoming longer, both factors

resulting in fewer facilities being realized. Moreover, many laboratories are changing

their missions. All this leads to the need for more co-ordination and more collaboration

on a global scale. Expertise in particle physics needs to be maintained in all regions,

ensuring the long-term stability and support through-out. It will be necessary to engage

all countries with particle physics communities and to integrate the communities in the

developing countries. The funding agencies should in their turn provide a global view and

synergies between various domains of research, such as particle physics and astroparticle

physics should be exploited.

Particle physics is now entering a new era. The start-up of the LHC allows particle

physics experiments at the highest collision energies. The expectations from the LHC are

great, as it could provide revolutionary advances in the understanding in particle physics

and a fundamental change to our view of the early Universe. Due to the location of the

LHC, CERN is in a unique position to contribute to further understanding in particle

physics in the long term.

Results from the LHC will guide the way in particle physics for many years. It is

expected that the period of decision-making concerning the energy frontier will be in the

next few years. Particle physics is now in an exciting period of accelerator planning,

design, construction and running and will need intensified efforts in R&D and technical

design work to enable the decisions for the future course. Global collaboration coupled

with stability of support over long time scales is mandatory.
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The particle physics community needs to define now the most appropriate organiza-

tional form and needs to be open and inventive in doing so, and there should be a dialogue

between scientists, funding agencies and governments. It is mandatory to have accelerator

laboratories in all regions as partners in accelerator development, construction, commis-

sioning and exploitation. Furthermore, planning and execution of high-energy physics

projects today require world-wide partnerships for global, regional and national projects,

i.e. for the whole particle physics programme. The exciting times ahead should be used

to establish such partnerships.

7. – Conclusions

In this paper we have provided an overview of CERN, focusing on the LHC and some

aspects of the fixed-target physics programme as well as on future projects in particle

physics at the energy frontier, such as high-energy linear electron-positron colliders and

an electron-positron collider. In the coming years, the priorities are the full exploitation

of the LHC, together with preparation for a possible luminosity upgrade and the consol-

idation and optimization of the CERN infrastructure and the LHC injectors. It will be

necessary to keep under review the physics drivers for future proton accelerator options

and it will be necessary to compare the physics opportunities offered by proton colliders

with those available at a linear electron-positron collider and an electron-proton collider.

The R&D associated with future colliders needs to continue in parallel.

∗ ∗ ∗
I would like to thank the organizers for the invitation to make this contribution and

for the excellent organization of the very interesting conference, which included new

results from the LHC. Many thanks go to Emmanuel Tsesmelis for his assistance in

preparing this contribution.

REFERENCES

[1] LHC Design Report, Volumes I, II and III,
http://lhc.web.cern.ch/lhc/LHC-DesignReport.html.

[2] http://linac4.web.cern.ch/linac4/.
[3] http://psdoc.web.cern.ch/PSDoc/acc/ad/.
[4] http://pceet075.cern.ch/.
[5] http://isolde.web.cern.ch/isolde/.
[6] http://cast.web.cern.ch/CAST/

http://cdsweb.cern.ch/record/1045979.
[7] http://greybook.cern.ch/.
[8] http://proj-cngs.web.cern.ch/proj-cngs/.
[9] http://operaweb.lngs.infn.it/.

[10] http://www.nu.to.infn.it/exp/all/icarus/.
[11] http://cloud.web.cern.ch/cloud/.
[12] http://clic-study.org.
[13] http://www.linearcollider.org/.
[14] http://lhec.web.cern.ch/lhec.
[15] The European Strategy for Particle Physics, http://council-strategygroup.

web.cern.ch/council-strategygroup/Strategy Statement.pdf.





SESSION IX - PERSPECTIVES

Angela Fava Icarus and status of Liquid-Argon technology

Christopher Naumann The (future) Cherenkov Telescope Array CTA

Guy Wormser Status of the SuperB project

Yasuyuki Horii Status and physics prospects of the SuperKEKB/Belle II project





DOI 10.1393/ncc/i2012-11143-7

Colloquia: LaThuile11

IL NUOVO CIMENTO Vol. 35 C, N. 1 Gennaio-Febbraio 2012

Icarus and status of Liquid-Argon technology

A. Fava for the ICARUS Collaboration

INFN, Sezione di Padova - Via Marzolo 8, I-35131, Padova, Italy

(ricevuto il 29 Settembre 2011; pubblicato online il 25 Gennaio 2012)

Summary. — ICARUS-T600 at the INFN-LNGS Gran Sasso Laboratory is the
first underground large-mass Liquid-Argon TPC: exposed to the CNGS neutrino
beam from CERN, it has been taking data since May 2010. Thanks to its excellent
resolution and 3D imaging, it allows an unprecedented event visualization quality
combined with a good calorimetric reconstruction and the electronic event process-
ing. After a first commissioning phase, it has started an interesting physics program,
ranging from νµ → ντ oscillation search in appearance to matter stability study, thus
demonstrating the feasibility and effectiveness of the Liquid-Argon TPC technique.
Furthermore, ICARUS-T600 represents a major milestone towards the realization
of much larger Liquid-Argon detectors for future rare events physics. The idea to
use a LAr-TPC experiment at a refurbished CERN-PS neutrino beam is presented
as a possible solution to the sterile neutrino puzzle.

PACS 95.55.Vj – Neutrino, muon, pion, and other elementary particle detectors;
cosmic ray detectors.
PACS 13.15.+g – Neutrino interactions.
PACS 07.05.Fb – Design of experiments.

1. – LAr TPC technique: working principle and performance

The idea of a Liquid-Argon Time Projection Chamber (LAr-TPC) was first proposed
by C. Rubbia in 1977 [1] as a powerful detection technique to provide a 3D imaging of any
ionizing event. Nowadays LAr-TPC can be considered the heir of the bubble chamber
detector, because of the high granularity and excellent spatial resolution and calorimetric
properties; but it has some interesting additional features, being continuously sensitive
and self-triggering detector, and the advantage of being scalable to bigger masses.

The working principle of the LAr-TPC (fig. 1) is based on the two processes by
which charged particles loose energy in liquid argon, i.e. scintillation and ionization.
Scintillation light, emitted in the infrared at 128 nm wavelength with 5000 γ/mm yeld,
provides a prompt signal made by a fast (∼ 6 ns) and a slow (∼ 1.6 µs) component. By
means of ionization, instead, each charged particle produces ∼ 6000 electrons per mm,
which are drifted by a uniform and intense electric field towards several (transparent)
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Fig. 1. – Simple scheme of the LAr-TPC working principle: from the interaction of the incoming
particle with LAr to the readout system.

wire arrays where the signal is recorded in a nondestructive way, ensuring a redundant
tridimensional track reconstruction. A key feature for LAr-TPC experiments is the level
of purity of liquid argon, since electro-negative molecules (mainly O2, H2O and CO2)
could eventually capture the drifting electrons before they reach the anode plane.

The high resolution and granularity of this detection technique (less than 1 mm3)
allows a precise reconstruction of events topology and the recognition of the particles
produced in interactions in LAr. Calorimetric measurement is also possible over a very
wide energy range, from MeV to several tens of GeV, allowing particle identification via
dE/dx ionization signal.

For long muon tracks escaping the detector, momentum is determined exploiting their
multiple scattering by a Kalman filter algorithm, i.e. studying the track displacements
with respect to a straight line; this procedure, validated on cosmic rays stopping muons,
allows a resolution ∆p/p down to 10%, depending mainly on the track length [2]. Elec-
trons, instead, are identified with full efficiency by the characteristic electromagnetic
showering, well separated from π0 combining γ reconstruction, dE/dx signal comparison
and π0 invariant-mass measurement at the level of 10−3 [3]. This feature guarantees a
90% efficiency identification of the leading electron in νe CC interactions, while rejecting
NC interactions to a negligible level.

The electromagnetic energy resolution σ(E)/E = 0.03/
√

E(GeV)
⊕

0.01 is estimated
in agreement with the π0 → γγ invariant mass measurements in the sub-GeV energy
range. The measurement of the Michel electron spectrum from muon decays, where
bremsstrahlung photons emission is taken into account [4], provided the energy resolution

below critical energy (∼ 30 MeV), σ(E)/E = 0.11/
√

E(MeV)
⊕

0.02. At higher energies

the estimated resolution for hadronic showers is σ(E)/E = 0.30/
√

E(GeV). However the
LAr-TPC detector allows to identify and measure, track by track, each hadron produced
in interactions, through ionization and range, leading to a much better energy resolution.

2. – ICARUS-T600 experiment

The ICARUS T600 LAr-TPC detector, presently taking data in the Hall B of the
INFN Gran Sasso underground National Laboratory (LNGS), is the largest Liquid-Argon
TPC ever built, with the cryostats containing more than 600 tons of LAr. Its detection
technique offers the possibility to collect “bubble chamber like” events to address a wide
physics program: the main goal is the observation of the νµ → ντ oscillation in the CNGS
neutrino beam from CERN to Gran Sasso, but this detector can also be used to study
solar and atmospheric neutrino events and to improve the limit on proton decay in some
background free channels.
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Fig. 2. – The ICARUS T600 detector in Hall B at the LNGS underground laboratory (left) and
a simple sketch of the inner TPCs structure (right).

2
.
1. Detector overview . – The ICARUS-T600 detector [5] (see fig. 2) consists of a

large cryostat split into two identical, adjacent and independet half-modules, with an
overall volume of about 760 tons of ultra-pure liquid Argon at 89 K temperature. Each
half-module, with internal dimensions 3.6 × 3.9 × 19.6 m3, houses two Time Projection
Chambers (TPC) separated by a common cathode. The anode of each TPC is made
of three parallel wire planes, 3 mm apart, oriented at 0◦ and ±60◦ w.r.t. the horizontal
direction: in all 53248 wires, with length up to 9 m, are installed. By appropriate voltage
biasing, the first two planes (Induction-1 and Induction-2 planes) are transparent to drift
electrons and measure them in a non-destructive way, whereas the ionization charge is
finally collected by the last one (Collection plane). The application of an electric field
ED = 500 V/cm, kept uniform by appropriate field shaping electrodes, ensures that the
1.5 m maximum drift distance is covered in 1 ms. The signals coming from each wire are
continuously read and digitized at 25 MHz (thus 1 t-sample ∼ 400 ns) and recorded in
multi-event circular buffers.

A prompt detection of the scintillation light is also necessary to determine the absolute
time of the ionizing events. For this purpose arrays of Photo Multiplier Tubes (PMTs),
operating at the LAr cryogenic temperature [6] and made sensible to VUV scintillation
light (= 128 nm) by applying a wavelength shifter layer (TPB), are installed behind the
wire planes.

2
.
2. The Liquid-Argon purity. – The main technological challenge in the develop-

ment of a large mass LAr-TPC is the capability to ensure and maintain a high LAr
purity level. In ICARUS-T600 detector an elaborate cryogenic plant, comprehensive of
Oxysorb/Hydrosorb filters, performs both gas and liquid recirculation to reduce and keep
at an exceptionally low level the electro-negative impurities, especially water and oxygen,
in order to obtain free electron lifetime of several milliseconds.

The electron lifetime is continuously monitored studying the attenuation of the charge
signal as a function of the drift time along “clean” through-going muon tracks in Collec-
tion view, i.e. straight tracks without clear δ-rays and associated γ’s; the negative signal
induced by the PMTs on the wires (fig. 3) marks the time at which the track entered the
detector. About 50 muon tracks are sufficient to measure day-by-day the electron charge
attenuation within a 3% precision, dominated by residual Landau charge fluctuations.
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Fig. 3. – A muon track candidate for the purity measurement (right) and three different wire
signals (left) in Collection view. The t = 0 signal, induced by PMTs on the wires, are circled.

With the liquid recirculation turned on, the LAr purity steadily increased, reaching
values of free electron lifetime (τe) exceeding 6 ms in both half-modules after few months
of operation (fig. 4). This corresponds to 0.05 ppb O2 equivalent impurity concentration,
producing a maximum 16% charge attenuation, at the maximum 1.5 m drift distance.

2
.
3. Physics programme. – ICARUS-T600 is the major milestone towards the real-

ization of a multikiloton LAr-TPC detector [7], but it can also address some interesting
physics in itself, thanks to its high resolution, ∼mm3 granularity, information redun-
dancy and particle identification capability [8].

The main goal is the search for νµ → ντ oscillation in the CNGS beam, i.e. a beam
almost pure in νµ with average energy Eν ∼ 17.4 GeV, traveling over 732 km from CERN
to Gran Sasso. ICARUS-T600 looks for ντ appearance in the electron decay channel
τ → eνν of the τ produced by ντCC interaction in LAr: in 2011–2012 run almost 3000
νµCC interactions are expected (1.1 · 1020 pot), leading to 3 τ → e events over 7 νeCC

Fig. 4. – Free electron lifetime monitoring in 2010 run, for both cryostats.
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background events due to the intrinsic beam contamination. The background can be
rejected with kinematical selection criteria based on missing transverse momentum, thus
eventually allowing to detect 1-2 ντ CNGS events in next 2 years. On the same beam
the search for sterile neutrinos in LNSD parameter space can be also performed, looking
at an excess of νe CC events.

ICARUS-T600 is studying also neutrinos from natural sources: ∼ 80 unbiased CC
atmospheric neutrino interactions are expected per year, and solar electron neutrino
interactions with energy greater than 8 MeV can be detected.

Finally, thanks to the powerful background rejection and its 3 × 1032 nucleons,
ICARUS-T600 can play a role in the long sought for proton decay search, in particular
in interesting exotic channels not accessible to Čerenkov detectors. With an exposure
of a few years its sensitivity on some “super-symmetric favored” nucleon decay channels
will exceed the present known limits.

2
.
4. 2010 physics run. – ICARUS-T600 started its operation in May 2010, after a long

R&D and installation phase, collecting right from the beginning both cosmic rays and
CNGS neutrino events. The trigger system relies on the scintillation light signals, with
a starting layout based, for each of the four TPC chambers, on the analog sum of signal
from PMTs with a 100 photo-electron discrimination threshold. The trigger for cosmic
rays exploits the coincidence of the PMTs sum signals of the two adjacent chambers in the
same half-module, relying on the 50% transparency of the cathode mechanical structure:
this allows an efficient reduction of the spurious signals maximizing the detection of
low energy events. An overall acquisition rate of 25 mHz has been achieved well below
the maximum allowed DAQ rate, resulting in about 83 cosmic events per hour. For
CNGS neutrino events the proton extraction time information is also available, since
an “early warning” signal is sent from CERN to LNGS 80 ms before the first proton
spill extraction. Thus, accounting for the CNGS SPS cycle structure, i.e. two spills
50 ms apart and lasting 10.5µs each, a dedicated trigger strategy has been chosen for the
CNGS neutrino interactions, based on the presence of the PMT signal within a ∼ 50 µs
gate opened in correspondence to the predicted extraction times delayed by the neutrino
time of flight (2.44 ms) from CERN to LNGS. A trigger rate of about 1 mHz is obtained,
including neutrino interactions inside the detector and muons from neutrino interactions
in the upstream rocks.

The CNGS run started in stable conditions on October 1st and continued till the
beam shutdown, on November 22nd; in this period 5.8 ·1018 pot were collected out of the
8 ·1018 delivered by CERN, with a detector lifetime up to 90% since November 1st (fig. 5,
top). The 78% of the whole collected sample of events, corresponding to 4.52 · 1018, has
been preliminarly analyzed: 94 νµCC and 32 NC events have been identified by means of
visual scanning into a 434 tons fiducial volume, while 6 events need for further analysis
to be classified (being at edges, with µ track too short do be visually recognized); this
result is in full agreement with the number of interactions predicted in the whole energy
range up to 100 GeV ((2.6 νµ CC + 0.86 ν NC) ·10−17/pot), to be corrected for fiducial
volume and DAQ dead-time.

The analysis of the time distributions of this event sample, compared with the CNGS
proton extraction time, allows to reconstruct the 10.5µs spill duration (fig. 5, bottom),
suggesting an excellent precision in the events timestamp.

The neutrino interaction events are then fully 3D reconstructed: muons, pions, pro-
tons and kaons are identified by studying the event topology and the energy deposition
per track length unit as a function of the particle range (dE/dx versus range) with
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Fig. 5. – Top: number of pot collected by ICARUS-T600 in the Oct.1st–Nov.22nd run compared
with the beam intensity delivered by CERN. Bottom: distribution of the difference between the
neutrino interaction timestamp and the corresponding CNGS proton extraction time.

a dedicated reconstruction program based on the polygonal line algorithm [9] and on
neural network. Electrons are recognized by the characteristic electromagnetic shower-
ing. Momentum of long muon tracks escaping the detector momentum is determined by
multiple scattering. An example of event reconstruction is reported in fig. 6.

3. – A two LAr-TPC experiment at a CERN-PS neutrino beam to solve the

sterile neutrino puzzle

Recently a sterile neutrino puzzle is growing, catching the interest of the particle
physics community, due to the increasing number of experimental anomalies. On one
side the 3.8 σνe excess signal in a νµ beam first observed by LSND has been confirmed
by the MiniBooNE experiment, suggesting a possible νµ → νe oscillation with large
∆m2 (0.2 < ∆m2 < 2.0 eV2, sin2 2θ < 10−3) beyond the 3ν flavour oscillation scheme

Fig. 6. – Example of a fully reconstructed CNGS νµCC event, collected in 2010 run.
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Fig. 7. – Top: sensitivity of the CERN-PS experiment to the νe appearance signal in 2 years
(left) and 4 years (right) data taking with in neutrino and antineutrino beam mode, respectively.
Bottom: sensitivity to the disappearance reactor anomaly at the far detector.

as observed in solar/atmospheric neutrino experiments. On the other side, a recent re-
evaluation of the νe reactor spectra (∼ 3% flux increase) brought out a νe deficit at many
short-baseline reactor experiments and revived the SAGE/GALLEX νe deficit from the
MegaCurie radioactive source, hinting at a fast disappearance rate (∆m2 > 1.5 eV2,
0.02 < sin2 2θ < 0.23 at 99.7% C.L.). Finally, the latest WMAP data seem not to
exclude, or even to prefer, a scenario with more than 3 neutrinos.

To clarify the situation a definitive experiment is envisaged: the proposal to use
2 strictly identical LAr-TPC detectors on a refurbished neutrino beam at the CERN-
PS represents a possible solution [10]. The neutrino beam would be a low energy νµ

beam produced by 19.2 GeV protons of at least 1.25 · 1020 pot/y intensity. The far
detector, located at ∼ 850 m from the target, could be ICARUS-T600 itself, while the
near detector, at ∼ 127 m, would be a ∼ 150 tons active mass LAr-TPC (possibly a clone
of a ICARUS-T600 semi-module with length reduced by a factor 2). The LAr-TPC
technique appears the ideal detector for the study of low-energy neutrino events thanks
to its very high νe detection efficiency combined with an extremely high rejection of
associated NC background events. Moreover the usage of two identical detectors together
with the very similar intrinsic νe spectra in the two positions, ensure the canceling out
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of experimental and cross-section biases. It would thus be possible to perform the search
for both νµ → νe LSND appearance signal and νe → νx reactor disappearance anomaly,
with promising sensitivity in only 2(4) years data taking in ν(ν) mode (fig. 7).

4. – Conclusions

The ICARUS-T600 detector, installed underground at the LNGS laboratory, has
started data taking during 2010 after a long R&D and installation phase. The successful
assembly and operation of this LAr-TPC is the experimental proof that this technique
is mature. It has demonstrated to have unique imaging capability, spatial and calori-
metric resolutions and the possibility to efficiently distinguish electron from π0 signals,
thus allowing to reconstruct and identify events in a new way with respect to the other
neutrino experiments.

After a short commissioning phase this experiment is ready for the 2011–2012 run,
addressing a wide physics programme. The main goal is to collect events from the CNGS
neutrinos beam from CERN-SPS to search for the νµ → ντ oscillation and LSND-like νe

excess, but also to study solar and atmospheric neutrino and explore in a new way the
nucleon stability in particular channels beyond the present limits.

Furthermore ICARUS-T600 is so far the major milestone towards the realization of
a much more massive LAr detector. Actually the employment of this technique at a
refurbished CERN-PS ν beam has been proposed after the ICARUS-T600 exploitation
at LNGS to definitely solve the sterile neutrino puzzle.
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Summary. — The international CTA consortium has recently entered the prepara-
tory phase towards the construction of the next-generation Cherenkov Telescope
Array CTA. This experiment will be a successor to and will benefit from the return
of experience from the three major current-generation arrays H.E.S.S., MAGIC and
VERITAS. It aims to significantly improve upon the sensitivity as well as the en-
ergy range of its highly successful predecessors. Construction is planned to begin by
2014, and when finished, CTA will be able to explore the highest-energy gamma-ray
sky in unprecedented detail. The current status of the CTA project is presented,
together with its expected performance based on Monte Carlo studies.

PACS 95.55.Ka – X- and gamma-ray telescopes and instrumentation.
PACS 95.85.Pw – γ-ray.

1. – Introduction: Cherenkov telescopes

1
.
1. Physical motivation. – The observation of photons of different wavelengths has for

a long time been the most important tool in astronomy. Initially using only visible light,

this effort now spans the whole wavelength band from radio waves to gamma rays. At

the highest energies (above ∼ 100 GeV), the Imaging Atmospheric Cherenkov telescope

is currently the most successful technology for the detection and observation of both

galactic and extragalactic TeV gamma-ray sources. Among others, possible extragalactic

targets of interest are the nuclei of active galaxies (AGNs), including blazars and radio

galaxies, and gamma-ray bursts (GRBs). Galactic source candidates in this energy range

are pulsars and their wind nebulae (PWNs), supernova remnants, binary systems and

microquasars. As these possible targets are not uniformly distributed over the sky, the

scientific impact of a Cherenkov observatory will depend on its location: As the galactic

plane is mainly confined to the Southern sky, observation of galactic sources are best

carried out from Southern locations, while Northern sites are more suited to extragalactic

observations.

(∗) E-mail: naumann@lpnhe.in2p3.fr
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Fig. 1. – Left: Sketch of the detection technique. Not to scale. Right: Shower image in one
camera, overlayed with reconstructed shower images from other cameras.

Cherenkov telescopes are also important contributors to multi-wavelength and multi-

messenger campaigns, where they observe jointly with instruments operating in other

wavelength domains (such as optical or X-ray) or observation channels (such as neutrinos

or gravitational waves).

In addition to those astrophysical sources, Cherenkov telescopes also contribute to

the search for new physics, such as dark matter or quantum gravity.

1
.
2. Detection technique. – To detect the decreasing fluxes of gamma rays at multi-TeV

energies, very large detection volumes are necessary. In gamma Cherenkov telescopes,

this is achieved by using the Earth’s atmosphere as detector (as sketched in fig. 1):

The primary gamma rays interacting in the upper atmosphere are converted to electro-

magnetic showers, whose charged components emit Cherenkov light in a narrow cone

along the shower’s direction (opening angle about 1 degree). This light can be detected

several kilometres below by an array of optical telescopes equipped with very sensitive

high-speed cameras. From the light distribution in these cameras, the original shower

geometry can be reconstructed, giving the direction, energy and type of the primary

particle. In systems with several telescopes, the individual camera images can be com-

bined to provide a stereoscopic view of the shower, significantly improving the system’s

resolution and background suppression capabilities (fig. 1, right). In order to detect the

faint Cherenkov light of the atmospheric showers, the atmospherical quality at the tele-

scope site is subject to stringent requirements, in particular high altitude, clean and dry

air, and the absence of light pollution. Consequently, all current systems are generally

located in remote locations such as deserts or mountain tops.

1
.
3. Current generation of Cherenkov telescopes. – The gamma Cherenkov technology

has steadily evolved over the last few decades, with several subsequent generations of

instruments, each improving in sensitivity upon its precedessors. The current generation

is represented by three systems in different locations on the Earth, the H.E.S.S. array

in Namibia, the MAGIC telescopes on the Canary Islands and the VERITAS system in

Arizona.

– The High Energy Sterescopic System H.E.S.S.: Phase 1 of the H.E.S.S. system

comprises four telescopes, of 107 m2 surface area each, that are operated at an

altitude of 1800 m in the Khomas highland in Namibia [1].
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Fig. 2. – Example results for current-generation systems. Left: Extended source RX-J1713 as
measured by H.E.S.S., showing clear shell-like sub-structures. Right: Multiwavelength spectrum
obtained by H.E.S.S. together with several ground- and space-based telescopes, from [4].

– MAGIC I+II: Located on the top of the Canary Island of La Palma, at an altitude

of 2225 metres. In contrast to the four medium-sized telescopes used in the H.E.S.S.

array, the MAGIC project used in its first phase of operation a single, large telescope

(234 m2) to decrease the energy threshold at the expense of sensitivity at higher

energies. This telescope has recently been joined by a second large telescope, in

the MAGIC-II phase [2].

– VERITAS: The second system on the Northern hemisphere is located in Arizona,

USA, at the Fred Lawrence Whipple Observatory. It consists of four 106 m2 tele-

scopes in an array, similar to the H.E.S.S. system [3].

– System upgrades: To increase their performance, and to cover the time until the

arrival of a next-generation system, both the H.E.S.S. and the MAGIC telescope

systems are currently undergoing technical upgrades: a second telescope was added

to the MAGIC site in 2009 to allow stereoscopic observations, and at the H.E.S.S.

site a single large telescope (23 m diameter) is currently under construction, to

significantly improve the system’s sensitivity at lower energies.

1
.
4. Example results. – Due to their relatively good angular resolution and sensi-

tivity, the current telescope systems have, for the first time, been able to provide spa-

tially resolved images of a variety of extended objects, such as shell-type supernova

remnants, and have made it possible to study their emission morphology (fig. 2, left).

On the other hand, the unprecedented flux sensitivity offers the possibility to follow

the temporal development of variable emitters, such as either periodic (like pulsars)

or flaring sources (such as AGNs). In addition to dedicated observations of individual

sources, sky surveys have also been performed. These have lead to the detection of many

sources with or without prior-known counterparts at other wavelength bands. Cherenkov

telescopes have played an important role in recent multi-wavelength campaigns, to-

gether with satellites and ground-based telescopes operating in other wavelength bands

(see, for example, fig. 2, right, for a spectrum measured in a multi-wavelength cam-

paign where H.E.S.S. contributed in the high-energy cut-off region important for model

discrimination).
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Fig. 3. – Artist’s sketch of the different telescope types.

2. – The next-generation array CTA

2
.
1. Motivation. – While the current-generation Cherenkov telescopes have provided

many discoveries and important scientific results, it has become clear that there is a

range of phenomena and source types which are just out of reach of their sensitivity,

or whose detailed analysis would require significantly better statistics than currently

available. This required improvement in statistical power could be achieved by improving

the differential flux sensitivity by about an order of magnitude. Possible new sources

within reach of such an improved system could include among others: colliding supernova

winds (galactic), starburst galaxies, galaxy clusters and gamma-ray bursts (all extra-

galactic). In addition, improved limits on dark matter models and quantum gravity

effects—or their discovery—are also be expected.

2
.
2. The array. – For this purpose, the CTA consortium is working on the design

of a next-generation telescope system, the Cherenkov Telescope Array (CTA). It will

consist of a large number (up to 100) of telescopes of three different sizes, at two sites

(one Northern, one Southern). To improve the sensitivity at the lowest energies (below

∼ 100 GeV, moving the threshold down to about 20 GeV), several large-size telescopes

(LST) with diameters around 24 metres will be used to collect the faint light emitted by

those showers. At the highest energies (several tens to hundreds of TeV), the limiting

factor is the dwindling flux of particles; to compensate for that, CTA will use a large

number of sparsely distributed small-size telescopes (SST), offering a total detection area

greater than a few km2 at a reasonable cost. The workhorse of the system will be an array

of medium-sized telescopes (MST), whose main goal is to improve the flux sensitivity in

the mid-energy range (between 100 GeV and > 30 TeV) down to the milli-Crab level.

In accordance with the different physics goals for the Northern and Southern site, the

two arrays will likely have a different combination of the three telescope sizes.

2
.
3. The CTA consortium. – The construction and operation of such a system of up to

100 telescope units will require substantial funding and manpower; in particular, it will

not be possible without a major international collaboration. For that reason, the CTA

consortium has been founded, which now comprises most of the members of the three

current-generation collaborations (H.E.S.S., MAGIC and VERITAS), as well as several

other groups from all around the world. The CTA project is supported by the European

ESFRI(1) roadmap [5] and has received funding both from national agencies and from

(1) The European Strategy Forum on Research Infrastructures.
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the European Union for the design study and preparatory phase. The CTA consortium

reveived funding from ESFRI for the preparation of the construction within 3 years. In

addition, it was cited as one of the top-priority near-term projects on the ASPERA(2)

2008 roadmap [6], as well as being one of the two projects targeted by the 2009 ASPERA

common call for cross-national funding.

The CTA design study was finished in 2010 [7]. Prototyping is planned for 2011 to

2013, Construction is expected to begin by 2014. Observation with the partial array will

start soon after, while the full array is still under construction.

2
.
4. CTA as a gamma observatory. – One particularity that will set CTA apart from

its predecessors is the plan to operate it - at least partially - as an open observatory,

where access to the data is not limited to members of the collaboration. Instead, it is

envisaged that external groups can apply for observation time on the array. The different

observation proposals will be evaluated by a peer-review process, and selected proposals

granted observation time. The observation itself will be performed by experts from the

CTA consortium, so that no technical knowledge of the system will be required for the

submitters of the proposals. Likewise, it is forseen that a suite of analysis tools will be

made available, to perform standard analyses on the data without deeper knowledge of

the CTA software.

In addition to these on-demand observations, it is forseen to produce a set of legacy

data in the form of sky scans (either in-depth scans of the galactic plane or a full-sky

survey at lower exposure).

3. – Towards the array

The design goals for the CTA array are: an improvement of the sensitivity at TeV

energies by about a factor 10 with respect to current experiments with, at the same

time, a lowered energy threshold (a few tens of GeV) and a larger energy reach up to

and beyond a few hundred TeV. Also, to allow for higher precision studies of extended

sources, a better angular resolution (below 0.1 degrees above 100 GeV and 0.05 degrees

above 1 TeV(3)) and a wide field of view are required. This will for the first time make it

possible to resolve the inner structures of extended objects at a level of detail up to now

visible only in other wavelength bands. With the large detection area, and thus high

sensitivity, more precise studies of time-dependent sources, down to sub-minute time

scales, will also be feasible.

3
.
1. Site search. – Currently, several sites are under study for the Northern and

Southern array, each of which fulfill the base requirements for the CTA observatory

(altitude, clean and dry air, little light pollution). Apart from these physics requirements,

there are other factors that are equally important for site selection. While for example

remote sites typically offer the best observation conditions, they often have very limited

available infrastructure (roads, power and data connections), making construction and

operation of a large array difficult. The site should also be not prone to natural disasters

(such as earthquakes or tornadoes). Current candidates include locations near the sites

of the MAGIC and H.E.S.S. telescopes (the Canary Islands and the Khomas Highland

(2) The AStroParticle ERAnet, a network of national government agencies responsible for co-
ordinating and funding national research efforts in Astroparticle Physics.
(3) 80% containment radius.
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in Namibia, respectively), a site in the Baja California (Mexico) and in Arizona, as well

as two sites in Argentina (El Leoncito and Salta). The task of choosing the final sites

will be performed by the SITE work package in CTA.

3
.
2. Technology development . – Being a successor to the currently operating telescope

arrays, the development for CTA will profit strongly from existing designs and experience.

In particular, working designs for the medium and large size telescopes exist already in the

form of the H.E.S.S., VERITAS and MAGIC telescopes, as well as proven technology for

the cameras and readout hardware. The construction of a large array of those telescopes,

however, will not be possible without substantial modification and optimisation of those

designs, as they were not conceived for mass-production or a high level of reliability (both

of which are key requirements for CTA).

The task of technology development is currently shared by several workpackages in

CTA, including one responsible for electronics, for the focal-plane instrumentation, for

telescope mechanics, for data transfer, for mirrors, and others. Each of these groups is

lead by experts from the current telescopes, and pursues several different technological

options. For example, for the cameras there exist designs based on fully analogue schemes

for triggering and readout, as well as designs using fully digital cameras.

For each of the most promising technological possibilities, prototypes will be devel-

oped. The final choice of the technology to use for CTA will be made on the basis of the

performance of those prototypes, as well as on the cost and reliability of the different

options. As several different telescope sizes will be used on two sites, it is possible that

different technological options will be chosen for the various telescope types.

3
.
3. Data storage and transfer . – To be able to handle the large amount of data that

will be recorded by the system, substantial efforts are made for a GRID integration of

CTA. This includes the development of software for easy access to the data from all

participating institutions, as well as for data processing and analysis optimised for grid

computing. For this purpose, the consortium has set up a CTA Virtual Observatory

within the EU-funded EGEE project (Enabling Grids for E-Science). This is facilitated

by the fact that several CTA member institutes are Tier 1 or 2 centres of the LHC

computing grid and participate in the Cosmogrid.

While the main purpose of the GRID integration will be for storage, transfer and

analysis of real data from the telescope system, the GRID is already being used for the

extensive Monte Carlo simulations performed for the optimisation of the array’s design.

3
.
4. Telescope structure. – Each of the three telescope sizes envisaged for CTA will

pose different kinds of challenges for its construction and operation:

For the large size telescope, the main challenge is the large size and weight of the

structure. To guarantee good and stable optical properties of the telescope, it is im-

portant that the mirror does not deform under its own weight, or compensations must

be done for any such deformation. This is also true for the mounting of the several-ton

camera. For this reason, the use of strong, yet light, carbon-fibre based materials is eval-

uated. This will also help to keep the total weight low enough to allow sufficiently fast

slewing of the telescopes. To compensate for any remaining deformation of the optical

system, an active mirror control system could be employed, as is already the case for

the MAGIC telescopes. The only design option being pursued for the LST is a single,

facetted mirror, mounted on a rail support structure, such as used in H.E.S.S. and in

MAGIC.
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Fig. 4. – Left: Sensitivity of different sub-arrays from the simulation (B: dense, C: sparse, E:
compromise), compared to the CTA design goal (dashed). Right: Expected sensitivity compared
to current-generation Cherenkov telescopes and the Fermi satellite. Adapted from [7].

For the small-size telescopes, however, of which the largest number will be installed,

ease of construction, a low unit cost and simplicity of operation are paramount. Cur-

rently, several possible designs for the SST are under evaluation. As a wide field of view is

essential for the SSTs’ operation (up to 10 degrees), a standard Davies-Cotton design [8]

with a single mirror would require a relatively large, and rather expensive, camera. A

possible alternative would be the use of a dual-mirror Schwarzschild-Couder design [9],

which would allow for a much smaller camera, at the expense of a more complicated

and costly mirror system. In this case, the camera would require smaller pixel sizes.

Which of those options will be chosen for the final design will have to be determined

based on feasibility and cost, and from experience with prototypes developed during the

preparatory phase.

For the medium size telescopes, the technical challenges are less severe than for the

LST. However, as this telescope type will serve as the workhorse of the CTA observatory,

a significant number of those will have to be built, so that simplicity of design, robustness

and reliability are crucial. Currently, as for the SST, several possible options are being

studied, and prototypes planned. The preferred design uses of a single-mirror system,

either rail- or tower-mounted.

In addition to these three telescope types, a 50 m2 dual-mirror Schwarzschild-Couder

design is being investigated.

3
.
5. Monte-Carlo simulations. – To evaluate the expected performance of the array,

depending on the technological choices made and the different possible sites, extensive

Monte Carlo studies are being undertaken. As the aim is to find the best possible

combination of array geometry, telescope types and triggering and readout options for a

given total cost, a large number of different options has to be simulated. For this purpose,

a single “super-array” of several hundred telescopes in all sizes is simulated, and then

split into appropriate sub-arrays of a comparable cost (around 80 million Euros for the

Southern and 40 million for the Northern array). For these sub-arrays the system’s

effective area, as well as its sensitivity to different kinds of sources, can be calculated

and compared (fig. 4, left). Most of this work is done with a standardised detector

simulation [10] based on the CORSIKA shower propagation code [11]; for this purpose,

a vast library containing on the order of 1011 showers has been produced. In addition to
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that, several dedicated simulations have been written for in-detail study of aspects such

as alternative triggering and readout schemes.

As different arrays will not perform equally well at high and low energies, the final

design choice will strongly depend on the physics goals pursued with CTA and will differ

for the North and South array.

4. – Expected performance

Monte Carlo simulations have shown that with current designs the CTA science goals

can be reached. Depending on the array configuration used, a milli-Crab sensitivity in

the focus energy region seems realistic. A comparison (fig. 4, right) shows that CTA

will indeed be much more sensitive (by a factor of about ten) than current experiments,

over a wider energy range. The envisaged improvement of the angular resolution will

also be achievable with the preferred candidate arrays. In addition, its sensitivity at low

energies should provide a good overlap with satellite experiments (such as Fermi). As

the reconstruction and analysis methods are still under development, those results are

likely to improve in the future.

5. – Conclusions

Having finished the Design Study phase, the CTA consortium is now in the process

of converging towards a final design for the telescope array. Technology development

is well under way, so that array construction should proceed as planned. Monte Carlo

studies confirm that the design sensitivity is reachable. With this expected sensitivity,

TeV gamma astronomy will enter a new era, passing from the stage of first detections

to precision measurements While its predecessors have been able to detect and measure

of the order of a hundred objects, CTA is expected to study ten times as many at much

higher precision, to literally “mass-produce physics discoveries”. In this respect, it will be

on par with the most successful last-generation experiments in other wavelength bands,

such as Fermi for the soft gamma rays.
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Summary. — The SuperB project is a very ambitious program whose goal is to
build, in the immediate vicinity of the Frascati National Laboratory, an e+e− col-
lider operating in the Υ(4S) region with a luminosity in excess of 1036 Hz/cm−2,
surpassing by two orders of magnitude the present generation. Such a progress has
ben made possible by the new Crab Waist colliding scheme together with the design
of very low emittance rings. The physics goal of this machine is to determine the
structure of the new physics (NP) at the Terascale that is likely to show up at the
LHC. This will be possible through a very detailed scrutiny of all NP induced indi-
rect effects in rare (or even forbidden in the Standard Model) decays and precision
measurements in the quark and lepton sectors. The project, an official element of
the European HEP Strategy, has been recently approved and fully funded by the
Italian government. The Nicola Cabibbo Laboratory will be created as a consor-
tium to host and manage the project. The site has been selected and the detector
collaboration is currently being formed. The first beams are expected in 2016, with
a yearly integrated luminosity of 15 ab−1.

PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.
PACS 11.30.Hv – Flavor symmetries.
PACS 13.35.-r – Decays of leptons.
PACS 29.20.-c – Accelerators.

1. – Introduction

All major discoveries concerning the flavour sector have, as strange as it may seem,
been first made by indirect observations. The existence and properties of the 4th, 5th and
6th quarks have been demonstrated a few years before their direct observations through
the non-observation of neutral currents reactions (GIM mechanism), CP violation in
the K sector (KM hypothesis), rate of the B mixing. These indirect measurements not
only provided information on the existence and mass of these quarks but also on the
organisation of the quark sector in the Standard Model. The SuperB project goal is to
repeat this brilliant history but now for the New Physics Beyond the Standard Model
(BSM or NP). There is good hope that this approach will be very successful since we

c© Società Italiana di Fisica 463
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Fig. 1. – (Colour on-line) List of golden mode channels for SuperB and their relevance for various
New Physics Models. The modes with a red tick are accessible to SuperB, the ones without are
only available with hadron machines.

already know that strong constraints already exist when building any BSM model to
avoid producing effects in the flavour sector in contradiction with current observations.
The detailed understanding of the unknown physical source of these constraints and the
identification of the BSM model that Nature has chosen to implement is the ultimate
goal of SuperB. This task will be made easier when LHC will have discovered some
new particles in the mass range between 200 GeV and 1 TeV, because this will precisely
set the mass scale for the indirect effects induced by this new particle at SuperB. The
requirement which was used to specify the integrated luminsoty needed for the SuperB
physics case is that a 3 σ effect should be detected at SuperB in one of the accessible
channels for a 1 TeV particle given the fact that its couplings phase should be at minimum
the SM phase (its couplings cannot be lower as is explained in the so-called Minimum
Flavour Violation scheme). The minimum integrated luminosity to reach this goal is
75 ab−1, which can be recorded in 5 years of data taking at SuperB.

2. – SuperB physics goals

The general goal of the SuperB physics program is to understand in depth the under-
lying structure of the new physics (NP) beyond the Standard Model (BSM). It has been
demonstrated in great detail [1] that by measuring deviations from SM expectations in a
variety of different channels, one could gather very precious information about the struc-
ture of the NP. This is because all new particles with masses below 1 TeV will generate
deviations from SM even if their couplings to normal quarks and leptons is minimum.
Figure 1 shows the relative sensitivity of the key superB observables with respect to
various theoretical frameworks. Several lessons can be learned from this figure: firstly,
the golden channels lists must be quite comprehensive to be able to disentangle all the
various scenarios; secondly that this golden channel list contains many modes that are
only accessible to a SuperB factory. Some modes will be well measured by the LHCb
experiment which will have completed its first data taking phase when SuperB will start
and integrated around 5 fb−1, as can be seen from fig. 2 but many others just cannot be
measured at all (or not measured with the needed precision) without SuperB because they
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Fig. 2. – (Colour on-line) Sensivity of SuperB and LHCb to various physics modes. The colour
code is as follows. Red: no measurement, yellow: not precise, blue: precise, green: very precise.
For the theory column, the color code is: yellow: moderately clean mode, blue: clean mode but
requires lattice computations, green: very clean mode

involve one or more neutrinos and are based on inclusive measurements. The rightmost
column of this table indicates in green the modes which can be best predicted in the SM
framework, and which therefore can be the best candidates for unambiguous deviations
from SM predictions. There is a strong correlation between these clean modes and the
moes who can be accessed only by SuperB. It has to be noted that the physics program
of SuperB is not restricted to the study of B decays at the Υ(4S) resonance. The search
for lepton flavour violation is one of the major physics goals and the present limits on the
decay τ → µγ and τ to three charged leptons can be improved by a factor 10, reaching
BR level from 10−9 to a few 10−10 becoming quite competitive and complementary with
the related search µ → eγ. A key asset in this search is the fact that SuperB will benefit
of an 80% polarized electron beam. This will allow the search for τ → µγ to benefit from
a very significant background rejection. This extra factor will be quite important since
many NP models predict BR for such very rare decays in the 10−9 range. The beam
polarization also offers the possibility to perform search for CP violation in τ decays, and
to try to perform the first measurement of τ magnetic moment. In addition to this key
role in the lepton sector, the beam polarization will allow to measure the µ+µ− forward-
backward asymmetry at 10 GeV, adding a measurement of comparable precision to the
one performed at LEP. This will again allow a good sensitivity to NP. Another feature of
the SuperB physics program is to run at charm thresold with asymmetric beam energies,
giving access for the first time to time-dependant CP asymmetries in the charm sector.
The very high luminosity (1035) foreseen at 4 GeV will allow unprecedented precision in
the charm sector.
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Fig. 3. – Profiles of the two colliding beams witout (top) and with (bottom) Crab Waist scheme.
The predistortion of the beams allow the minimum waist of one beam to be aligned with the
other.

3. – The SuperB accelerator

The SuperB accelerator concept stems from a series of very innovative ideas developed
in the accelerator community in the last ten years. Previous experience with PEP-II and
KEKB rings showed it would be extremely difficult to increase in a significant manner
the beam currents. Therefore the only solution left to reach 1036 luminosity is to collide
nanometer size beam. This requires the production of extremely low emittance beams
in the electron and positron sources and in the linac, the low emittance conservation
in the rings and the design a final focus system capable to generating and putting in
stable collisions 50 nm vertical size beams.This has been made possible in particular
thanks to the development of the all the accelerator R&D performed in the framework
of the International Linear Collider project where the issues are exactly the same. One
must also point out that SuperB rings have also benefitted from the development of
very high-brilliance 3rd-generation light sources. But the collision of such dense beams
creates, if no counter measures are taken, very large beam-beam resonances which will
immediately blow up the beams. The Crab Waist scheme, which consists in the addition
of two sextupoles very near the Interaction point, has been precisely invented by Pantaleo
Raimondi [2] in order to suppress these beam-beam effects by predistorting the beams
before the collision in order to minimize the beam-beam effects. The effect of the Crab
Waist sextupoles of the beam profiles are displayed in fig. 3. The tune space, which was
previously heavily populated by beam killing resonances, offers now very large resonance-
free zones (see [3], p. 54). The crab waist scheme was very successfully demonstrated on
the DAFNE storage ring in 2008-2009 [4]. DAFNE luminosity has been increased by a
factor 3 compared to the absence of sextupoles, as predicted by the simulations. It is often
asked how to compare this sizable but modest gain with the factor 100 expected between
SuperB and present colliders. As mentioned above, the very large luminosity increase
will be due to the very small size of the beams, going from micrometer to nanometer
vertical size. The Crab waist technique is the key enabling factor, making possible the
collision of such dense beams without detrimental beam-beam effects.
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Fig. 4. – Layout of the SuperB accelerator on the Tor Vergata site (preliminary).

The detailed description of the accelerator design has been recently updated and is
described in [3]. The preliminary layout of the accelerator on the SuperB site (see below)
is indicated on fig. 4. It consists of a polarized electron source, a high-yield positon source
coupled to a positron damping ring, a 7 GeV Linac and of two 1250 m rings. As a result
of the partnership with the Italian Institute of Technology, SuperB rings will also be
used to produce top class synchrotron beam lines. Six such beam lines are tentatively
indicated on fig. 4, located on the High-Energy Ring, since 7 GeV light sources are much
more difficult to find than 4 GeV ones. The brilliance of such beamlines will be higher
than any other presently running machine, given the very low emittance and relatively
high current (2 A) of the Super B ring (see [3], p. 144).

4. – The SuperB site

Given the revolutionnary character of the SuperB machine, no present ring or tunnel
in Europe is capable of hosting the SuperB project. It has been therefore necessary to
explore green field scenarios. The SuperB project has issued a Site Specifications docu-
ment, which has been reviewed by an international Site Committee. The specifications
adress the following issues: site size given the machine circumference (1250 meters), the
space needed for synchrotron beam lines, and office and utility spaces, geology, vibration
level, constructibility, ease of access for people and components, availability of energy
and cooling, proximity of a nearby INFN structure, industrial expertise level in the vicin-
ity. A clear desire has also been expressed towards a site allowing a shallow tunnel since
the presence of several synchrotron light beamlines make this possibility extremely cost
effective. Although several site candidates have been identified throughout Italy, the
INFN management indicated its marked preference for a site in the immediate vicinity
of the Frascati National Laboratory where the accelerator design team is located. Two
sites have been finally considered, the LNF site itself wheer the machine has to be deeply
underground given the strong slopes on this site and the nearby Tor-Vergata University
site (fig. 4). The geological structure of Tor Vergata is very favorable because of its flat-
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Fig. 5. – Long-term measurement of the RMS vertical displacement at a point on Tor Vergata
site, close to the future SuperB Interaction Region. The RMS varies between 10 and 20 nm,
when the noise is integrated between 1 and 100 Hz.

ness, uniformity and the good vibration damping properties of the pyroclastic material.
A intensive vibration measurement campaign has been performed by the LAPP Annecy
team and the results show that the RMS vertical motion along the ring or at the IP is
between 20 and 40 nm, much below the 300 nm required, in spite of the presence of the
Rome-Naples highway 100 m away (fig. 5). Given all these nice properties (the site has
also been checked against archeological remains), the Tor Vergata site has been formally
selected and officially proposed by the Tor Vergata University to INFN for SuperB use.
INFN has endorsed this proposal and therefore, the Tor vergata site has been definively
selected as SuperB site.

5. – The SuperB detector

Since the BABAR and SuperB physics requirtements are very similar, the SuperB
detector can and will reuse very significant parts of the BABAR detector in order to save
costs and time, and because its very good properties: magnet, iron yoke, CsI(Tl)-based
crystal calorimeter, and the quartz bars of the Particle IDentification system (PID).
The overall structure of the SuperB detector shown in fig. 3 is therefore very similar to
BABAR. However, sevral main differences exist. The much higher luminosity in SuperB
will force the SuperB vertex detector to be much more radiation resistant both in terms
of integrated dose and instantaneous occupancy than the BABAR one. In addition, the
smaller boost (0.238 instead of 0.56) in SuperB forces the first SVT layer to be closer
to the beam pipe, in order to retain a comparable or better proper time resolution.
The SuperB physics program calls for a better Hermeticty of the detector because of
the renewed importance of the mode involving one or two neutrinos in the final state.
SuperB will therefore be equipped, budget permitting, of a forward PID device and of a
backward calorimeter. These two additions will increase in total by 10% superB efficiency
to the very rare modes described above. The detailed description of the SuperB detector
can be found in [5, 6]. It is displayed in fig. 6.

Some modifications will be implemented on the parts coming from BABAR: the flux-
return will be augmented with additional absorber to increase the number of interaction
lengths for muons to roughly 7λ; the DIRC camera will be replaced by a twelvefold
modular camera using multi-channel plate (MCP) photon detectors in a focusing con-
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Fig. 6. – Cross section of the SuperB detector. the bottom part includes the two options
considered to improve SuperB Hermiticity: a backward calorimeter and a forward PID device.

figuration using fused silica optics to reduce the impact of beam related backgrounds
and improve performance; the forward EMC will feature cerium-doped LYSO (lutetium
yttrium orthosilicate) crystals, which have a much shorter scintillation time constant,
a lower Molière radius and better radiation hardness than the current CsI(Tl) crystals,
again for reduced sensitivity to beam backgrounds and better position resolution.

The tracking detectors for SuperB will be new. To maintain sufficient proper-time dif-
ference (∆t) resolution for time-dependent CP violation measurements with the SuperB
boost of βγ = 0.24, the vertex resolution will be improved by reducing the radius of the
beam pipe, placing the innermost layer of the SVT at a radius of roughly 1.2 cm. This
innermost layer of the SVT will be constructed of either silicon striplets or Monolithic
Active Pixel Sensors (MAPS) or other pixelated sensors, depending on the estimated
occupancy from beam-related backgrounds. Likewise, the design of the cell size and ge-
ometry of the DCH will be driven by occupancy considerations. The hermeticity of the
SuperB detector, and, thus, its performance for certain physics channels will be improved
by including a backwards veto-quality EMC detector comprising a lead-scintillator stack.

6. – The SuperB project status

Between December 2010 and May 2011, the SuperB project has succesfully cleared all
the govermental milestones to become a fully funded project. SuperB has been ranked
first among a list of 14 Flagship Projects forming the core of the 2011-2013 National
Research Plan in Italy. This Plan has been approved by the government and voted at
both Houses of the Italian Parliament in December 2010, together with a generic funding
mechanism. This resulted in an immediate release of 19 M towards the construction of
SuperB. The details of the SuperB funding, and especially its pluriannual investment
profile have been recently endorsed by the interministerial CIPE committee. A budget
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of 50 M in 2011 has been allocated to the project. according to the INFN triennal plan
indicated below. The scope of the SuperB project consisting of a HEP accelerator and a
synchrotron light source, a consortium will be made within the following months between
INFN, IIT (The Italian Institute of Technology, in charge of the light source sector), Tor
Vergata University (mainly in charge of the civil construction on the site) and the Italian
Ministry for Research. The decision has been taken to name this consortium Nicola
Cabibbo laboratory. The intention of the Italian Governement is to make this structure
evolve into an ERIC (European Research Infrastructre Consortium) in a few years. The
Nicola Cabiboo Laboratory wil be very active to seek international partnerships for the
construction of the SuperB accelerator.

7. – Conclusion

The launch of the SuperB project is a very rare and important event in European
particle physics. Only once every 25 years or so, a large scale project is created in
Europe besides the CERN projects, the last example of such an initiative being HERA
in Hamburg. It is of course very clear that the concentration of European investments at
CERN is essential, but the added diversity by such national or regional programs is also
important and was recognized as such in the European Strategy document adopted in
Lisbon in July 2006. The exceptional scientific and technological merits of the SuperB
project make this new adventure particularly exciting. Recent decisive progress have
been accomplished with the final approval and funding of the machine by the Italian
Governnement, the final site selection on the campus of the Tor Vergata University, the
decision to create the Nicola Cabibbo Laboratory consortium, the formal launch of the
detector collaboration formation. In parallel to these major milestones, the detailed
technical design of the accelerator, synchrotron light beam lines and detecor is taking
place, with the publication of Technical Design Reports documents in 2012. Given all this
activity, machine commissionning can be expected in 2016, in a time frame a little later
but comparable to the similar program, SUPERKEKB and BELLE-II, being pursued in
Japan. The competition with this project will be accompanied with a very substantive
collaboration, as was already the case in the PEP-II/BABAR-KEKB/BELLE lifetime
and will certainly turn out to be very fruitful. Major scientific breakthroughs, in terms
of a deep understanding of the organisation of the physics beyond the Standard Model,
in partnership with the LHC results, can therefore be confidently expected around 2020,
when SuperB will have collected its nominal integrated luminosity of 75 ab−1.
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Summary. — Measurements at the KEKB collider and the Belle detector have
provided important insights into the flavor structure of elementary particles. By
upgrading to the SuperKEKB collider and the Belle II detector, we expect ∼ 40
times higher luminosity with improved detections in several aspects. Measurements
at the upgraded apparatus will over-constrain the parameter space of the Standard
Model and its extensions and will shed light on the nature of new physics. This paper
describes the status and physics prospects of the SuperKEKB/Belle II project.

PACS 12.60.-i – Models beyond the standard model.

1. – Introduction

Measurements at the KEKB collider and the Belle detector have provided important
insights into the flavor structure of elementary particles. Especially, the observation of
the CP violation in the B meson system is a tremendous success in confirming the picture
of quark flavor sector proposed by N. Cabibbo, M. Kobayashi, and T. Maskawa [1, 2].
Much larger data sample will be available at the upgraded experiment based on the
SuperKEKB collider and the Belle II detector. In this experiment, we will quest for the
physics beyond the Standard Model by searching for the deviations from the predictions
of the Standard Model. Our high-precision studies will play a complementary role to the
direct searches of new physics at the energy frontier. This paper describes the status and
physics prospects of the SuperKEKB/Belle II project.

2. – SuperKEKB collider

The KEKB collider [3], which is an asymmetric-energy e+e− collider located at the
High Energy Accelerator Research Organization (KEK) in Japan, will be upgraded to

(∗) Representing the Belle II Collaboration.
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Table I. – Parameters of the SuperKEKB and KEKB colliders. We show the design values for

the SuperKEKB and the achieved values for the KEKB. The two values separated by a slash

indicate the values for e
+

and e
−

beams, respectively. The vertical beta function at IP, the beam

current, and the beam-beam parameter are the crucial parameters related to the peak luminosity.

Parameters SuperKEKB KEKB

Peak luminosity (1035 cm−2 s−1) 8.0 0.21
Vertical beta function at IP (mm) 0.27/0.30 5.9/5.9
Beam current (A) 3.6/2.6 1.64/1.19
Beam-beam parameter 0.09/0.08 0.129/0.090

Energy (GeV) 4.0/7.0 3.5/8.0

the SuperKEKB collider [4]. The design value of the center-of-mass energy for the Su-
perKEKB is on the Υ(4S) resonance, which is the same as the KEKB. On the other
hand, the design luminosity for the SuperKEKB is 8.0 × 1035 cm−2 s−1, which is about
40 times larger than the current world record of 2.1 × 1034 cm−2 s−1 achieved by the
KEKB.

Table I shows the parameters for the SuperKEKB and the KEKB. The upgrade
is based on the “nano-beam” scheme, which was first proposed for the INFN SuperB
project [5]. We reduce the vertical beta function at the interaction point (IP) by a factor
of about 1/20, providing a luminosity improvement by a factor of about 20. To introduce
this improvement, we set the final focus magnets closer to the IP by changing the beam-
crossing angle from 22 mrad to 83 mrad. The other improvement of the luminosity is
available from the increase of the beam current by a factor of about 2. The design
value of the beam-beam parameter, which is additional crucial parameter related to the
luminosity, is at a similar level as at the KEKB.

To mitigate the emittance growth due to intra-beam scattering and the short beam
lifetime due to the Touschek effect, the beam energy for the e+ beam is changed from
3.5 GeV to 4.0 GeV. The beam energy for the e− beam is changed from 8.0 GeV to
7.0 GeV accordingly. The effects of the reduction of the beam-energy asymmetry on the
vertex measurements are found to be safely small.

Figure 1 shows the milestone for the integrated and peak luminosities for the Su-
perKEKB project. After the shutdown for about four years, the commissioning will start
in the second half of Japanese fiscal year 2014. The integrated luminosity will reach
50 ab−1 in 2020–2021, which is 50 times larger than the data size for the KEKB.

3. – Belle II detector

The Belle detector [6] will be upgraded to the Belle II detector [4]. The main concern
for the Belle II detector is the higher-background environment. For evaluating the effects
of the backgrounds on the detector performance, we extrapolate the results of the oper-
ations of KEKB and Belle by accounting for scaling for each component of backgrounds.
The Belle II detector is designed to cope with this estimation conservatively, and has
better performance than the Belle detector in some aspects.

Figure 2 shows the dimensions of the Belle II and Belle detectors. Just outside the
beam pipe, the four-layer silicon strip detector is replaced by a two-layer silicon pixel
detector based on the DEPFET (DEpleted P-channel Field Effect Transistor) and a four-
layer silicon strip detector. The impact parameter resolution in the beam direction is
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Fig. 1. – Milestone for the SupreKEKB project.

improved mainly due to the pixel detector by a factor of around two for momenta below
1 GeV. The efficiency for reconstructing KS decays to two charged pions is improved due
to the larger outer radius of the strip detector. The central tracking chamber has smaller
drift cells, larger outer radius, and fast readout electronics, providing higher performance

Fig. 2. – Dimensions for the Belle II (top half) and Belle (bottom half) detectors.
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Fig. 3. – Feynman diagram for the process b → sγ (left). Expected precision for the mixing-
induced asymmetries for B → K

∗0(892)γ (green), other KSπ
0
γ (blue), and all KSπ

0
γ final state

(red) as a function of integrated luminosity.

against the background. The particle identification system based on Cherenkov-threshold
detectors is replaced by a lower-material system based on Cherenkov-imaging detectors.
The probability of misidentifying a charged pion (kaon) as a charged kaon (pion) is im-
proved from ∼ 10% to ∼ 1% for the kaon (pion) selection efficiency of ∼ 95% at the
kinematic limit of the momentum ∼ 4 GeV/c. The electronics of the electromagnetic
calorimeter employs a wave-form-sampling type to cope with the longer time constant
∼ 1 µ s of the CsI(Tl) crystals, reducing accidental overlaps by a factor of around seven.
For the crystals in the endcaps, we have options for shorter time constant, e.g., pure
CsI, for further upgrade. For the KL and muon detector in the endcaps, we use scintil-
lators instrumented with silicon photomultiplier tubes as the alternative to the resistive
plate chambers to reduce the dead time. The new data acquisition system meets the
requirements of a considerably higher event rates.

4. – Physics at SuperKEKB/Belle II

At the SuperKEKB collider and the Belle II detector, we have broad physics program
in the fields of heavy-flavor physics [7]. Our measurements will over-constrain the param-
eter space of the Standard Model and its extensions and will shed light on the nature of
new physics by exploiting the correlations among various observables. Compared to the
LHCb experiment, we have advantages in the studies of the decay modes with neutral
particles in the final state. From the large number of planned measurements, several
important examples on B → Xsγ, B → τ ν̄, B → Kπ, and lepton-flavor–violating τ
decays are explained in the following sections.

4
.
1. B → Xsγ. – The decay B → Xsγ occurs at one-loop order as shown in fig. 3

(left), but still has a relatively large branching fraction of order 10−4 due to the top
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Fig. 4. – Feynman diagram for the decay B
−

→ τ
−

ν̄τ (left). 5σ-discovery region for Belle II
at an integrated luminosity of 50 ab−1 (red) and current exclusion regions at 95% CL by B

factories (green), Tevatron (gray), and LEP (yellow) on the plane of mH and tanβ (right).

quark contribution. Since heavy virtual particles can be exchanged in the loop, the
decay B → Xsγ is sensitive to new physics effects. The branching fraction, the direct
CP asymmetry, and the mixing-induced CP asymmetries for the exclusive final states
such as KSπ0γ could provide important information for investigating the new physics.

Various related measurements have been obtained at the Belle experiment [8-11]. The
measurement of the branching fraction is challenging even at the Belle II experiment,
since accurate background subtraction is needed. We expect the precision of 6% at
an integrated luminosity of 50 ab−1, which is at the same level as the precision of the
theoretical predictions. The magnitude of the direct CP -violating asymmetry predicted
by the Standard Model is below 1%, while it could be above 10% in many extensions
of the Standard Model [12, 13]. Expected sensitivity for the CP asymmetry at 50 ab−1

is 0.5% including systematic uncertainties. The magnitude of the mixing-induced CP -
violating parameter, usually denoted by S, of the final state KSπ0γ is estimated to be
0.04 in the Standard Model, while it could be as high as 0.5 in left-right symmetric
models [14]. As shown in fig. 3 (right), expected sensitivity at 50 ab−1 is 0.03.

4
.
2. B → τ ν̄. – Many models beyond the Standard Model include more than one

Higgs doublet. In the so-called type II of two Higgs doublet models, one doublet yields
masses of u-type quarks and the other doublet yields masses of d-type quarks. In these
models, the decay rate of B → τ ν̄ is affected by the charged Higgs contribution as shown
in fig. 4 (left). The branching fraction could be modified from the value of the Standard
Model by a factor (1 − m2

B tan2 β/m2
H)2, where mB and mH are the masses of charged

B meson and charged Higgs boson, respectively, and tanβ is the ratio of the vacuum
expectation values of the two Higgs doublets [15].

The first evidence for the decay B → τ ν̄ has been obtained by the Belle experiment by
using the residual energy detected in the electromagnetic calorimeter after removing the
accompanying B meson and charged decay products of the tau lepton [16]. The accom-
panying B meson is reconstructed in hadronic modes. The Belle has also obtained the
evidence by a reconstruction of the accompanying B meson in semileptonic modes [17].
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Fig. 5. – Feynman diagrams for the decays B
+
→ K

+
π

0 and B
0
→ K

+
π
− (left). The sum rule

for B → Kπ with the current central values of the observables and the accuracies expected for
an integrated luminosity of 50 ab−1 (right).

The world average of the branching fraction is obtained to be (1.64 ± 0.34) × 10−4 [18],
while the global fit assuming the Standard Model without including direct measurements
shows (0.763+0.114

−0.061) × 10−4 [19]. The measurements at Belle II will provide important
information for the tension between the direct measurement and the Standard-Model
expectation. In fig. 4 (right), we show expected (mH , tanβ) region of 5σ discovery for
the charged Higgs boson at Belle II with an integrated luminosity of 50 ab−1, as well
as the current exclusion regions at 95% CL. The Belle II will cover large regions in the
space of mH and tanβ.

4
.
3. B → Kπ. – The decays B → Kπ proceed through a tree diagram and a loop

penguin diagram as depicted in fig. 5 (left). Since the tree process is suppressed by the
small CKM matrix element |Vub|, the contribution of the loop penguin process is of similar
magnitude. The interference of the two decays could lead to direct CP violation, which
is equivalent to non-zero value of Af = [Γ(B̄ → f̄)−Γ(B → f)]/[Γ(B̄ → f̄)+Γ(B → f)]
with f indicating a certain final state. As suggested in the diagrams in fig. 5 (left),
the processes for the neutral and the charged B meson decays are similar, and thus the

difference ∆A = AK+π0

− AK+π−

should be close to zero.

The measurement by the Belle experiment has shown a significant difference ∆A =
0.164 ± 0.035 ± 0.013 [20]. The difference could be due to the neglected diagrams con-
tributing to the charged B meson decays only, for which the theoretical uncertainties are
still large, or due to some unknown effect by the new physics. To make a test free of
theoretical uncertainties, one can use a sum rule for various measurements in B → Kπ
including B → K0π+ and B → K0π0 [21]. Figure 5 (right) shows the accuracies ex-
pected for Belle II at an integrated luminosity of 50 ab−1. The Belle II will provide a
good environment even for the all neutral final state K0π0, which is the most critical
mode for the test using the sum rule.
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Fig. 6. – Example of the Feynman diagrams for τ → µγ (left). History and anticipated upper
limits on the branching fractions for τ → µγ, τ → µη, and τ → µµµ decays as a function of the
integrated luminosity (right).

4
.
4. Lepton-flavor–violating τ decays. – The lepton-flavor–violating decays could be

induced by the oscillations of massive neutrinos. However, such processes are highly
suppressed and far beyond the experimental reach. The situation is quite different if
there is new physics including a particle that has mass of the order of the weak scale
and couples to leptons. Example of the diagrams is shown for the decay τ → µγ in
fig. 6 (left).

Upper limits on various lepton-flavor–violating τ decays have been obtained by the
Belle experiment [22-24]. As shown for the decays τ → µγ, τ → µη, and τ → µµµ in
fig. 6 (right), the current limits are typically on the order of 10−8. At the Belle II experi-
ment, the anticipations for the upper limits will reach the order of 10−9, by which large pa-
rameter spaces of many new physics models will be covered [25-27]. Since there are strong
correlations between the expected rates of various channels, the measurements for differ-
ent modes could provide important information to identify the underlying mechanism.

5. – Conclusion

At the SuperKEKB collider and the Belle II detector, we expect ∼ 40 times higher
luminosity and improved detection in several aspects. Of the broad physics program
in the fields of heavy flavor physics, examples for B → Xsγ, B → τ ν̄, B → Kπ, and
lepton-flavor–violating τ decays are shown. We will provide important information for
investigating the physics beyond the Standard Model.
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Flächer Henning University of Rochester Rochester USA
Frederix Rikkert University of Zurich Zurich Switzerland
Galbiati Cristiano Princeton University Princeton USA
Galli Luca INFN-Pisa Pisa Italy
Gastaldi Ugo INFN-LNL Legnaro Italy
Gervino Gianpiero INFN-Torino Torino Italy
Giunti Carlo INFN-Torino Torino Italy
Golutvin Andrey Imperial College/ITEP/CERN Crozet France
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