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Preface

M. Greco

Dipartimento di Fisica, Università di Roma Tre - Via della Vasca Navale 84, 00146 Roma, Italy

The 2012 Rencontres de Physique de la Vallée d’Aoste were held at the Planibel Hotel
of La Thuile, Aosta Valley, on February 26th - March 3rd, featuring the twenty-sixth
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.

The session on “Physics and Society” included special colloquia on “Thorium Reac-
tors”, and “Physics in Latin America”. We are very grateful to Stuart Henderson and
Luciano Maiani 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.

We are grateful to the President of INFN Fernando Ferroni, the Directors of INFN
Laboratori Nazionali di Frascati, Umberto Dosselli and INFN Sezione di Pisa, Giovanni
Batignani, for the support in the organization of the Rencontres. We would like to
thank also 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 with an enjoyable atmosphere.
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The Planck mission: From first results to cosmology

P. Natoli(1)(2)(3), A. Gruppuso(3) and N. Mandolesi(3)

(1) Dipartimento di Fisica e Sezione INFN, Università degli Studi di Ferrara
via Giuseppe Saragat 1, I-44100 Ferrara, Italy

(2) Agenzia Spaziale Italiana Science Data Center, c/o ESRIN - via Galileo Galilei
Frascati, Italy

(3) INAF-IASF Bologna, Istituto di Astrofisica Spaziale e Fisica Cosmica di Bologna
Istituto Nazionale di Astrofisica - via Piero Gobetti 101, I-40129 Bologna, Italy

ricevuto il 7 Settembre 2012

Summary. — Planck is an ESA satellite launched in May 2009, whose main ob-
jective is to image the anisotropies of the Cosmic Microwave Background Radiation
and their linear polarizartion with unprecedented sensitivity, angular resolution and
frequency leverage. Planck is providing high-quality data to be mined for decades to
come. Planck results have been released starting January 2011 (“early results”) and
February 2012 (“intermediate results”) and are limited to Galactic and extragalac-
tic science. The first cosmological data products are awaited for early 2013. Planck
has a wide list of scientific targets. Here we focus on constraining constraints about
parity-violating models that go beyond Maxwell’s electromagnetism. We focus first
on the in vacuo cosmological birefringence angle that constraints the rotation of the
polarization plane of last scattered background photons. The latter can be non-
null only if there is a parity-violating coupling in the Maxwell Lagrangian. We also
discuss the so-called parity anomaly claimed in the anisotropy intensity spectrum
of the WMAP data (Kim and Naselsky, 2010). We describe the basic formalism,
the relevant estimators and the overall analysis strategy. We finally forecast the
capabilities of Planck in tightening the present constraints.

PACS 98.80.-k – Cosmology.

1. – Introduction

The statistical properties of the Cosmic Microwave Background (hereafter, CMB)
pattern may be used to constrain parity (P) symmetry. Parity violations arise in several
models: as modification of electromagnetism [1-3] (hence deviations from the particle
physics Standard Model) or as modification of the standard picture of the Inflationary
mechanism (where P is broken due to primordial gravitational waves). In the latter case,

c© Società Italiana di Fisica 5



6 P. NATOLI, A. GRUPPUSO and N. MANDOLESI

we refer to chiral gravity [4-7] and in the former we generally talk of cosmological birefrin-
gence. Both of these classes of models predict non-vanishing cross-correlations between
E and B modes and T and B modes. However, chiral gravity induces such correlations
at the CMB last scattering surface whereas cosmological birefringence induces them by
rotating the polarization plane during the CMB photon journey from its last scattering
to us [8]. We focus here only on cosmic birefringence case, reporting mainly findings
from [9]. In addition, we review the claimed P anomaly found at large angular scaless
in the anisotropy intensity (temperature or “TT”) spectrum of the WMAP data, first
claimed by Kim and Naselsky in 2010 [10-13]. The latter is dubbed a parity anomaly in
view of an observed discrepancy (in power) among even and odd multipoles, which be-
have differently under P transformation (see sect. 2, below). However, there is no sound
theoretical framework that could explain such a mismatch. it is commonly use such ter-
minology, i.e. TT parity anomaly. It is not known yet whether the effect arises due to
fundamental physics or it is due to some spurious sources, i.e. instrumental systematics
or poorly removed astrophysical foregrounds [14]. If the effect is indeed due to funda-
mental physics, its appearance at large angular scales naturally suggests the possibility
that a P-violating mechanism is involved during an early phase of the universe. Other
explanations exist: for a more conservative approach see [11] where it is assumed that
the early universe evolution obeys the standard inflationary mechanism, and concluded
that we must then live in a special location of the universe. Translational invariance
would thus be violated for scales larger than ∼ 4 Gpc leading some sort of breaking of
the Copernican principle.

2. – Parity symmetry in CMB

All-sky temperature maps, T (n̂), are usually expanded in terms of spherical harmonics
Y�m(n̂), with n̂ being a unit vector or direction on the sky, completely specified by a couple
of angles (θ, φ). The quantities aT,�m =

∫
dΩY �

�m(n̂)T (n̂), are coefficients of the spherical
harmonics expansion, and dΩ = dθdφ sin θ. Under reflection (or P) symmetry (n̂ → −n̂),
these coefficients behave as aT,�m → (−1)� aT,�m. Analogously, for polarization, one may
consider the linear polarization maps(1) (Q(n̂) and U(n̂)). The latter are not scalar, but
rather components of a rank-two tensor [15] and are decomposed by the appropriate spin
harmonics:

(1) a±2,�m =
∫

dΩY �
±2,�m(n̂) (Q(n̂) ± iU(n̂)),

where Y±2,�m(n̂) are precisely Spherical Harmonics of spin 2 and a±2,�m are the corre-
sponding coefficients. It is then useful to introduce new coefficients as linear combinations
of the previous:

aE,�m = −(a2,�m + a−2,�m)/2,(2)
and aB,�m = −(a2,�m − a−2,�m)/2i.(3)

(1) Due to the polarization dependence of the Compton cross section the CMB does not display
circular polarization, at least in a standard scenario. Hence we do not consider the Stokes
parameter V in what follows.
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These have opposite behaviors under a P transofrmation:

aE,�m → (−1)� aE,�m,(4)

aB,�m → (−1)�+1 aB,�m.(5)

If P is conserved, by combining the previous transformation one immediately de-
rives that the cross-correlations CTB

� = 〈a�
T,�maB,�′m′〉 and CEB

� = 〈a�
E,�maB,�′m′〉 must

vanish. Further details can be found in [15, 16] and explicit algebra is set forth in the
Appendix of [12].

3. – Cosmological birefringence

The CMB is a powerful probe of cosmological birefringence and, hence, of the parity
behavior of the electromagnetic Lagrangian for two main reasons. First, it is gener-
ated in the early universe, when the physics at the stake was not obviously identical to
present. Secondly, the long look-back time of CMB photons may render tiny violations to
the electromagnetic Lagrangian observable, since such effects usually accumulate during
propagation. CMB polarization arises at two distinct cosmological times: the recombina-
tion epoch (z ∼ 1100) and the reionization era (z ∼ 11 or less [17]). When the CMB field
is expanded in spherical harmonics, the first signal mostly shows up at high multipoles,
since polarization is generated through a causal process and the Hubble horizon at last
scattering only subtends a degree sized angle. The later reionization of the cosmic fluid
at lower redshift impacts the low � instead. These two regimes need to be taken into
account when probing for cosmological birefringence, since they can be ascribed to dif-
ferent epochs and, hence, physical conditions. For other cosmological observations about
the Cosmological Birefringence effect see [1, 2, 18,19].

For instance, the presence of a primordial homogeneous [20] or helical [21] magnetic
field would induce Faraday rotation and non-zero TB correlations. Parity-asymmetric
gravity dynamics during inflation could cause unbalance in left and right-handed gravi-
tational waves, which impacts TB and EB [4]. In general, models in high energy physics
with non-standard parity-violating interactions also predict TB and EB signals different
from zero [8]. A popular model for which parity is broken in the photon sector is the
Chern-Simons perturbation to the Maxwell Lagrangian [1]:

ΔL = −1
4

pμεμνρσFρσAν ,

where Fμν is the Maxwell tensor and Aμ the four-potential. The four-vector pμ can be
interpreted in several ways, e.g., the derivative of the quintessence field or the gradient of
a function of the Ricci scalar [22]. In any case a P violation always arises provided that
the timelike component of pμ does not vanish. C and T symmetries are then unbroken so
CP and CPT are not conserved. Given that pμ selects a preferred direction in spacetime,
Lorenz invariance cannot be preserved.

Historically, the effect has been first constrained by measuring polarized light from
high redshift radio galaxies and quasars [1, 2, 19, 23], see [24] for an analysis on ultra-
violet polarization of distant radio galaxies. Recent polarization oriented CMB observa-
tions [25-28] have been capable to measure TB and EB correlations, other than TT , TE
and EE correlations. While no detection has been claimed to date, polarization data
have been used to derive constraints on the birefringence angle [26,29-31].
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In the limit of constant birefringence angle, α, the angular power spectra of CMB
anisotropies, assuming CTB

� = CEB
� = 0, are given by [4, 29, 32, 33](2). The polarization

rotation can be parametrized by the angle α, namely the birefringence angle, that, in
the limit of constant α, impacts the angular power spectra of CMB anisotropies as
follows [4, 29,32,33]:

CTE,obs
� = CTE

� cos(2α),(6)

CTB,obs
� = CTE

� sin(2α),(7)

CEE,obs
� = CEE

� cos2(2α) + CBB
� sin2(2α),(8)

CBB,obs
� = CBB

� 〉 cos2(2α) + CEE
� sin2(2α),(9)

CEB,obs
� =

1
2

(
CEE

� + CBB
�

)
sin(4α).(10)

The WMAP team [26], using a Markov Chain Monte Carlo (MCMC) method, at high �

(from 24 to 800) find αWMAP 7yr = −0.9◦ ± 1.4◦ at 68% CL. Our constraint, obtained at
low resolution [9] and considering the same estimator that has been used in [31], reads
α = −1.6◦ ± 1.7◦ (3.4◦) at 68% (95%) CL for Δ� = 2 − 47. Considering Δ� = 2 − 23
we obtain α = −3.0◦+2.6◦

−2.5◦ at 68% CL and α = −3.0◦+6.9◦

−4.7◦ at 95% CL. This is the
same multipole range considered by the WMAP team at low resolution in [26] (the only
other result available in the literature at these large angular scales) where with a pixel-
based likelihood analysis they obtain αWMAP 7yr = −3.8◦ ± 5.2◦ at 68% CL. In [39]
it is claimed that the improvement expected for the Planck satellite [40] in terms of
sensitivity [41] is around 15. Almost the same number is obtained in [9]. Both forecasts
are provided considering just the nominal sensitivity whereas the uncertainties coming
from the systematic effects are not taken into account.

4. – TT parity anomaly

The starting consideration for this analysis is that CMB physics does not distinguish
between even and odd multipoles [10, 11]. Therefore the power contained in even and
odd multipoles must be statistically the same. We define the following quantities:

(11) CX
+/− ≡ 1

(�max − 1)

+/−∑
�=2,�max

�(� + 1)
2π

ĈX
� ,

where ĈX
� are the estimated APS obtained with BolPol for the power spectrum X = TT ,

TE, EE and BB. The sum is meant only over the even or odd � and this is represented
respectively by the symbol + or −. Therefore, two estimators can be built from eq. (11):
the “ratio” RX = CX

+ /CX
− (see [10-12]) and the “difference” DX = CX

+ − CX
− , (see [12,

42]), where CX
± is the band power average contained in the even (+) or odd (−) multipoles

with X standing for one of the six CMB spectra. See [13] for other estimators.

(2) See [34, 35] as an example of computation that takes into account the time dependence
of α in a specific model of pseudoscalar fields coupled to photons. See [36-38] as examples of
non-isotropic birefringence effect.
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Fig. 1. – TT . Percentage of the WMAP 7 year value (y-axis) vs. �max (x-axis). The blue line is
for the ratio and the red line for the difference.

In fig. 1 we plot the percentage related to the WMAP 7 year P anomaly for TT
versus �max in the range 10–40 for the two considered estimators. As evident there is
not a single �max for which the TT anomaly shows up, but rather a characteristic scale
in the � range [16, 32]. We confirm the previously reported P anomaly in TT in the
range Δ� = [2, 22] at > 99.5% CL. Planck will not improve the signal-to-noise ratio in
this range for the TT spectrum, since it is already cosmic variance dominated in the
WMAP data. However Planck has a wider frequency coverage and this will improve the
component separation layer in the data analysis pipeline. Moreover Planck is observing
the sky with a totally different scanning strategy and this represents a benefit from the
systematic effects analysis point of view.
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Summary. — We highlight the most important recent results from the Fermi Large
Area Telescope (LAT). The latest source catalog (2FGL) is briefly discussed and
several recent results on DM indirect searches from different targets are summarized.
Finally, various results on the cosmic rays direct detection are presented.

PACS 95.85.Pw – γ-ray.
PACS 95.80.+p – Astronomical catalogs, atlases, sky surveys, databases, retrieval
systems, archives, etc.
PACS 95.35.+d – Dark matter (stellar, interstellar, galactic, and cosmological).
PACS 96.50.S- – Cosmic rays.

1. – The LAT instrument

The LAT is a pair conversion detector on board the Fermi Gamma-ray Space Tele-
scope. It began its nominal science operations on August 4, 2008. It is designed to
measure the directions, energies, and arrival times of γ-rays incident over a wide Field
of View (FoV ∼ 2.4 sr), while rejecting background from charged cosmic rays. To take
full advantage of the LAT large FoV, the primary observing mode of Fermi is the so-
called scanning mode that ensures an almost uniform sky coverage every two orbits (∼ 3
hours). In case of particularly interesting targets of opportunity, the observatory can be
inertially pointed either by issuing a command from the ground, or autonomously in the
occurrence of a Gamma-ray Burst (GRB).

The LAT is composed by a precision converter-tracker and a calorimeter, each con-
sisting of a 4 × 4 array of towers. A segmented anti coincidence detector (ACD), for
the rejection of the charged-particle background, covers the tracker array [1-3]. Different
event selections were developed for the various analysis that can be done with the LAT
data and three different cuts were applied to select public data samples with increasing
levels of purity, see [3] and the LAT performace web page(1).

(1) http://www.slac.stanford.edu/exp/glast/groups/canda/archive/pass7v6/

lat Performance.htm

c© Società Italiana di Fisica 11
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2. – The 2FGL source catalog

The second Fermi LAT source catalog (2FGL) [4] represents the most complete catalog
of γ-ray sources in the 100 MeV–100 GeV energy range. Source detection is based on the
average flux over the 24 month period. The 2FGL includes source locations and spectral
fits in terms of power-law, power-law with exponential cutoff, or log-normal forms. Also
included are flux measurements and statistical significance in five energy bands, light
curves on monthly intervals for each source and a variability index. Twelve sources
in the catalog are modeled as spatially extended with different shapes and sizes. The
analysis was performed applying the new event P7SOURCE V6 [3] selections and using
a new and highly-resolved model of the diffuse Galactic and isotropic emissions. All the
results are summarized in FITS files(2) and are publicly available from the FSSC web
page(3). The sources reported in the 2FGL have a statistical significance of at least 4 σ
above the background (see [4]).

As in the two previous LAT source catalogs [5,6], in the 2FGL the distinction between
associations and firm identifications is kept. Although many associations, particularly
those for AGNs, have very high probability of being true, a firm identification is based
on one of the following three criteria:

1. Periodic Variability and Pulsations. Pulsars are the larger class in this category
but binaries are also included.

2. Spatial Morphology. Spatially extended sources whose morphology can be related
to the shape seen at other wavelengths include SNR, PWNe, and galaxies.

3. Correlated Variability. Variable sources, primarily AGNs, whose γ-ray variability
can be matched to that seen at one or more other wavelengths, are considered to
be firm identifications.

In total, we firmly identify 127 out of the 1873 2FGL sources. The algorithm for
the associations is described in [4] and in [6]. In summary, we use a Bayesian approach
that trades the positional coincidence of possible counterparts with 2FGL sources against
the expected number of chance coincidences to estimate the probability that a specific
counterpart association (in other catalogs) is indeed real (i.e., a physical association).
We retain counterparts as associations if they reach a posterior probability of at least
80%.

Among the 1873 sources in the 2FGL catalog, 575 (31%) remain unassociated. This
could be due to both a incomplete catalog coverage at |b| < 10◦ and to some systematic
uncertainties in the galactic model. 162 sources are flagged to indicate possible confusion
with residual imperfections in the diffuse model.

The next years will allow to detect and observe even fainter sources and increase the
statistics for population studies, allowing us to better constrain different emission models
of the various sources. Above 10 GeV, Fermi is starting to detect large-scale regions of
excess high-energy emission not predicted by interstellar emission models, including the
“Fermi lobes” [7] and other large-scale hard-spectrum diffuse features. At these energies
more than 500 sources have been detected, and around 170 of these sources are still
unassociated and are not observed at other energies. Since the photon statistics are still

(2) http://fits.gsfc.nasa.gov/

(3) http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr catalog/
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low in this energy range, we will likely continue to find new sources during the next years
of observations.

Using a 36 months data sample 101 pulsars have been found and 16 SNRs have been
studied. With the forthcoming SNR LAT catalog more sources could be found and
studied and a better understanding of the emission region and mechanism will follow.
The study and identification of nearby sources of photons and possibly of cosmic rays is
of fundamental importance also for other analysis of the LAT data that will be described
in the following sections.

3. – Dark Matter search strategy

In the following subsections some of the main targets for the indirect Dark Matter
(DM) signal search with the Fermi data will be shown.

3.1. Dwarfs satellites. – Milky Way dwarf spheroidal (dSph) galaxies are good candi-
date targets for DM studies through annihilation signatures, because their mass-to-light
ratio is predicted to be of the order of 10–103 [8], implying that they could be largely
DM dominated. Moreover, since no significant γ-ray emission of astrophysical origin is
expected (these systems host few stars and no hot gas), the detection of a γ-ray signal
could provide a clean DM signature. Weakly Interacting Massive Particles (WIMPs)
have long been consideredas well-motivated candidates for DM that could contribute to
the 80% of the non-baryonic mass density in the universe. At a given energy E, the
differential γ-ray flux Φγ(E,ΔΩ) from WIMP annihilation in a region covering a solid
angle ΔΩ and centered on a DM source, can be factorized as [9]

Φγ(E,ΔΩ) = J(ΔΩ) × ΦPP (E),(1)

where J(ΔΩ) is the “astrophysical factor” or J-factor, i.e. the line of sight (l.o.s.) integral
of the DM density squared in the direction of observation over the solid angle ΔΩ. The
term ΦPP (E) is the “particle physics factor”, that encodes the particle physics properties
of the DM as the mass of the WIMP (mχ) and various parameters that describe the
annihilation. ΦPP (E) depends linearly to 〈σv〉, i.e. the WIMP pair annihilation cross-
section times the relative velocity of the two annihilating particles.

Even if the J-factor is different for each dSph, the characteristics of the WIMP can-
didate (mW , 〈σannv〉, annihilation channels and their branching ratios) can be assumed
to be universal and so different sources can be studied together.

In [10] 24 months of P6V3 diffuse class events [3] between 200 MeV and 100 GeV are
analyzed. Using the newly developed composite2 likelihood technique, the DM signals
across 10 Regions of Interest (ROIs), each associated to a different dSph, are combined
while the other diffuse models and point sources are fitted separately. Uncertainties on
the J-factor are taken into account in the fit procedure by adding a proper term to
the likelihood that represents the measurement uncertainties. As no significant signal
is found, upper limits were reported (see fig. 1). These upper limits allow us to rule
out WIMP annihilation with cross-sections predicted by the most generic cosmological
calculations up to a mass of ∼ 27 GeV for the bb̄ channel and up to a mass of ∼ 37 GeV
for the τ+τ− channel. More stringent upper limits could be obtained in the future with
more data (in 10 years an improvement of a factor of 5) and with new dSphs. In [11]
these limits are compared with the predictions of a large number of different models.
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Fig. 1. – Left panel: derived 95% CL upper limits on a WIMP annihilation cross-section for
all selected dSphs and for the joint likelihood analysis for annihilation into the bb̄ final state.
Right panel: derived 95% CL upper limits on the WIMP annihilation cross-section for all the
four channels studied in [10] bb̄, τ+τ−, μ+μ− and W+W−. The most generic cross-section
(∼ 3 · 10−26 cm3 s−1 for a purely s-wave cross-section) is shown as a reference in both plots.
Uncertainties in the J-factor are included in all the analyses. Taken from [10].

Another approach to this analysis is described in [9]. In this case the same set of dSphs
were used, but the analysis was performed with 3 years of P7SOURCE V6 data [3] in the
energy range from 562 MeV to 562 GeV implementing a model independent approach. A
signal region of 0.5◦ and a background region consisting of an annulus between 5◦ and
6◦ around each dSph were selected. The upper limits were evaluated with a Bayesian
technique on each dSph and for all the ten sources with two different procedures, using the
average J-factor or the proper J-factors of each source. The upper limits on the signal
counts were finally converted into upper limits on the flux by means of an unfolding
procedure (see [9] and references therein). These results, even though obtained with a
different event reconstruction and a different technique are similar and consistent with
the previous ones.

3.2. Clusters. – Clusters of galaxies are the most massive objects in the Universe
that have had time to virialize by the present epoch, making nearby clusters attractive
targets for searches for a signature from DM annihilation. Clusters are more distant,
but also more massive than dSph galaxies, and like dSphs, they are very DM dominated,
and typically lie at high galactic latitudes where the contamination from Galactic γ-ray
background is low. Unlike in dSphs, DM annihilation is not the only potential source
of γ-ray emission because several astrophysical mechanisms can occur. Significant γ-ray,
emission has not been detected from local clusters by the Fermi-LAT in the first 11
months of observation [12] and a recent preliminary analysis on 24 months of data for
6 clusters did not show any excess in the stacked residual maps. These results provided
some tight limits on DM models, even though in literature there are different analysis
that show the possibility of a faint signal (e.g., [13]).

3.3. Milky Way . – The DM annihilation in the Milky Way halo is another target for
DM search due to the large DM density expected in the vicinity of the Galactic Center
and the proximity of the region. The analysis in this region is done with both the profile
likelihood technique [14] and the Bayesian technique [10]. In the first approach, various
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Fig. 2. – Dark matter annihilation 95% CL cross-section upper limits into γγ (left) and Zγ (right)
for the NFW, Einasto, and isothermal profiles for the region |b| > 10◦ plus a 20◦ × 20◦ square
centered on the Galactic center. γZ limits below Eγ < 30GeV are not shown. Taken from [17].

limits are evaluated, from the most conservative one (assuming that all the detected
photons from the halo are produced by annihilating/decaying WIMPs), to the deepest
one (using GALPROP [15] simulations to model the astrophysical diffuse background).
The limits derived for leptonic models challenge the interpretation of the PAMELA and
Fermi cosmic rays anomalies (see sect. 4) as annihilation of DM in the Galactic Halo,
while they are not enough constraining to exclude the interpretation in terms of decaying
DM. In [10] just the most conservative approach is used, and 1000 random locations are
selected to set upper limits that are consistent with the previous.

The Galactic center is also a good candidate to observe the DM annihilation signal
due to the large quantity of DM that should be located in that region, even though it
is one of the most crowded and complex region in the sky. A preliminary analysis with
3 years of P7 data [3] has shown that the galactic diffuse component and some point
sources can account for the observed emission and no strong structures are found in
residuals maps.

3.4. Spectral lines from WIMPs. – In [16] and [17] a search for monochromatic γ-
rays from WIMPs annihilation or decay is preformed. If a WIMP annihilates or decays
directly into a photon (γ) and another particle (X), the photons are approximately
monochromatic. Detection of one or more striking spectral lines would be convincing
evidence for DM. Using a set of 2 years P6 DATACLEAN [3] data no evidence for photon
lines was found. Starting from the evaluated upper limits at 95% CL on the spectral
line and assuming three different spatial distribution of DM, it is possible to evaluate
the upper limits on the annihilation cross-section on both the γγ channel and the Zγ
channel (see bottom panel of fig. 2 and for a complete discussion see [17]). Theoretical
predictions for γ-ray line intensity are highly model dependent, so that only some models
are constrained by this results. In literature (e.g., [18]) some analyses that have found a
hint of a possible detection can be found.

3.5. Isotropic diffuse background . – In [19] and [20] the full-sky γ-ray survey is
performed for searching a possible isotropic DM signal, originating from annihilations
summed over halos at all redshifts. Most cosmological halos are individually unresolved
and will contribute to an approximately isotropic γ-ray background radiation (IGRB).
The difficulty of estimating the isotropic background to the cosmological DM annihi-
lation signal further increases the uncertainty in these limits. Blazars, radio galaxies
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and star-forming galaxies account from 50% to 80% of the observed extragalactic back-
ground light spectra. Given these uncertainties, in [19] the most conservative and most
optimistic limits on cross-sections span three orders of magnitude. While the most con-
servative constraints barely reach exclusion of theoretically discussed DM cross-sections,
more optimistic descriptions of the DM halos and subhalos would instead allow to exclude
several models.

4. – The LAT as an electron detector

Since electromagnetic (EM) cascades are generated during both electron and pho-
ton interactions in matter, the LAT is also by its nature a detector for electrons and
positrons. For event reconstruction (track identification, energy and direction measure-
ment, ACD analysis) and calculation of variables used in event classification we use the
same reconstruction algorithms as for photons. The selections are of course different and
specific to the electron analysis. The high flux of cosmic-rays (CRs) protons and helium
compared to that of electrons and positrons dictates that the hadron rejection must be
103–104, increasing with energy, which can be reached analysing the shape of the shower.

4.1. Electron and positron combined spectra. – The observed spectra in [21], from
7 GeV to 1 TeV can be fitted by a power law with spectral index in the interval 3.03–3.13
(best fit 3.08), similar to that given in [22]. The spectrum is significantly harder than
that reported by previous experiments with the absence of any evident feature. In any
case, some spectral flattening at 70–200 GeV and a noticeable excess above 200 GeV are
suggested, as compared to the power-law spectral fit. The gentle features of the spectrum
can be explained within a conventional model by adjusting the injection spectra. Another
possibility that provides a good overall agreement with our spectrum is the introduction
of an additional leptonic component with a hard spectrum. Such an additional component
is motivated by the rise in the positron fraction reported by PAMELA [23] and the LAT
(see sect. 4.2). Different kinds of models can explain this component, from nearby sources
(such as pulsars) to the annihilation of DM particles (see [21] for more references).

4.2. Electron and positron separate spectra. – The LAT can also measure separately
the spectra of CR electrons (CREs) and positrons from 20 GeV to 200 GeV, taking ad-
vantage of the Earth shadow and the offset direction for electrons and positrons due to
the geomagnetic field, as fully described in [24]. This is the first time that the absolute
CR positron spectrum has been measured above 50 GeV and that the fraction has been
determined above 100 GeV, as shown in fig. 3. We find that the positron fraction in-
creases with energy between 20 and 200 GeV, in agreement with the results reported by
PAMELA [23]. The best established mechanism for producing CR positrons is secondary
production. Such secondary production will result in a positron fraction that decreases
with energy. The origin of the rising positron fraction at high energy is unknown and has
been ascribed to a variety of mechanisms including additional contribution from pulsars
and SNRs, CRs interacting with giant molecular clouds, and DM (see [24] and references
therein). Future measurements with greater sensitivity and energy reach, such as those
by AMS-02, are necessary to distinguish between the many possible explanations of this
increase.

4.3. Cosmic-ray electron anisotropy . – In [25] the arrival directions of the recon-
structed cosmic-ray electrons and positrons were searched for anisotropies at angular
scales extending from ∼ 10◦ up to 90◦. Any anisotropy in the arrival directions of
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Fig. 3. – On the left: energy spectra for e+, e−, and e+ + e− (control region). In the control
region where both species are allowed, this analysis reproduces the Fermi LAT results reported
previously for the total electron plus positron spectrum [22,21] (gray). The bottom panel shows
that the ratio between the sum and the control flux is consistent with 1 as expected. On the right:
positron fraction measured by the Fermi LAT and by other experiments. The Fermi statistical
uncertainty is shown with error bars and the total (statistical plus systematic uncertainty) is
shown as a shaded band. For the full list of reference and for more details see [24].

cosmic-ray electrons (CREs) detected by the LAT would be a powerful tool to discrim-
inate between a DM origin and an astrophysical one. In particular, since Galactic DM
is denser towards the direction of the Galactic center, the generic expectation in the
DM annihilation or decay scenario is a dipole with an excess towards the center of the
Galaxy and a deficit towards the anti-center. Also, both the Monogem and the Geminga
pulsars, likely some of the most significant CRE sources, are both roughly placed oppo-
site to the direction of the Galactic Center, making a search for anisotropy an effective
distinguishing diagnostic. Two independent techniques were applied, both resulting in
null results. Upper limits on the degree of the anisotropy were set, for different energy
ranges and angular scale. The upper limits for a dipole anisotropy ranged from ∼ 0.5%
to ∼ 10%. These limits were compared with the predicted anisotropies from individ-
ual nearby pulsars and from DM annihilations, in all cases, they lie roughly above the
predicted anisotropies.

4.4. High-energy cosmic-ray electrons from the Sun. – In [26] we use the high-energy
cosmic-ray electron and positron (CRE) data set to search for flux variations correlated
with the Sun direction. No known astrophysical mechanisms are expected to generate a
significant high-energy CRE (> 100GeV) excess associated with the Sun, while several
classes of DM models could generate this kind of emission.

In some scenarios DM particles captured by the Sun through elastic scattering inter-
actions would annihilate to φ (a new light intermediate state) pairs in the Sun’s core,
and if the φ could escape the surface of the Sun before decaying to CREs, these can be
detected by the LAT. In other scenarios DM is captured by the Sun only through in-
elastic scattering (iDM), this could lead to a non-negligible fraction of DM annihilating
outside the Sun’s surface. For models in which iDM annihilates to CREs, an observable
flux at energies above a few tens of GeV could be produced.
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In the case of annihilation of DM through an intermediate state and subsequent de-
cay to e±, the upper limits on solar CRE fluxes provide significantly stronger constraints
on the DM scattering cross-section than limits previously derived by constraining the
final state radiation emission associated with this decay channel using solar γ-ray mea-
surements. For the iDM scenario, the solar CRE flux upper limits exclude the range of
models which can reconcile the data from DAMA/LIBRA and CDMS for mχ � 70GeV,
assuming DM annihilates predominantly to e±. Since direct detection experiments are
not sensitive to the dominant annihilation channels of the DM particles, other data, e.g.,
solar γ-ray measurements and neutrino searches, may be able to further constrain these
models by excluding regions of parameter space for alternative annihilation channels.
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Summary. — The existence of a secluded gauge sector could explain at the same
time several unexpected astrophysical observations. This hypothesis can be tested
at low energy e+e− colliders by searching for a light vector gauge boson, called
U , mediating dark forces. At DAΦNE, the Frascati e+e− φ-factory, three different
U boson production channels can be studied. Results obtained with KLOE data
and perpectives for the KLOE-2 run, where a larger data sample is expected, are
discussed.

PACS 14.70.Pw – Other gauge bosons.

1. – Dark matter and dark forces

Several recent astrophysical observations produced unexpected results, as the 511 keV
gamma-ray signal from the galactic center observed by the INTEGRAL satellite [1], the
excess in the cosmic ray positrons reported by PAMELA [2], the total electron and
positron flux measured by ATIC [3], Fermi [4] and HESS [5, 6], the annual modulation
of the DAMA/LIBRA signal [7, 8] and the low energy spectrum of nuclear recoil candi-
date events observed by CoGeNT [9]. These anomalies could be all explained with the
existence of a dark matter weakly interacting massive particle, belonging to a secluded
gauge sector under which the Standard Model (SM) particles are uncharged [10-19]. An
abelian gauge field, the U boson with mass near the GeV scale, couples the secluded
sector to the SM through its kinetic mixing with the SM hyper-charge gauge field. The
kinetic mixing parameter, ε, is expected to be of the order 10−4–10−2 [11,21], so that ob-
servable effects can be induced in O(GeV)–energy e+e− colliders [20-24] and fixed target
experiments [25-28]. The possible existence of a new light boson gauging a new symme-
try with a small coupling was in fact already introduced on general grounds in [29], and
rediscussed in models postulating also the existence of light spin 0 or 1/2 dark matter
particles [30, 31]. This boson can have both vector and axial-vector couplings to quark
and leptons, however axial couplings are strongly constrained by data, leaving room to
vector couplings only.

c© Società Italiana di Fisica 19
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2. – Searches for dark forces at KLOE

The KLOE experiment operates at DAΦNE, the e+e− Frascati φ-factory. From 2000
to 2006, KLOE collected 2.5 fb−1 of collisions at the φ meson peak and about 240 pb−1

below the φ resonance (
√

s = 1 GeV). The φ meson predominantly decays into charged
and neutral kaons, thus allowing KLOE to make precision studies in the fields of flavor
physics, low-energy QCD and test of discrete symmetries [32].

A new beam crossing scheme allowing a reduced beam size and increased luminosity
is operating at DAΦNE [33]. The KLOE-2 detector was successfully installed in this new
interaction region and has been upgraded with small angle tagging devices to detect both
high- and low-energy electrons or positrons in e+e− → e+e−X events. An inner tracker
and small angle calorimeters are scheduled to be installed in a subsequent step, providing
larger acceptance both for charged particles and photons. A detailed description of the
KLOE-2 physics program can be found in ref. [34].

The U boson can be produced at DAΦNE through radiative decays of neutral mesons,
such as φ → ηU . With the statistics already collected at KLOE, this decay can potentially
probe couplings down to ε ∼ 10−3 [22], covering most of the parameter’s range of interest
for the theory. The U boson can be observed by its decay into a lepton pair, while the
η can be tagged by one of its not-rare decays.

Assuming also the existence of a secluded Higgs boson, the h′, both the U and the
h′ can be produced at DAΦNE if their masses are smaller than Mφ. The mass of the U
and h′ are both free parameters, and the possible decay channels can be very different
depending on which particle is heavier. In both cases, an interesting production channel
is the h′-strahlung, e+e− → Uh′ [20]. Assuming the h′ to be lighter than the U boson,
it turns out to be very long-lived, so that the signature process will be a lepton pair,
generated by the U boson decay, plus missing energy. In the case mh′ > mU , the dark
Higgs frequently decays to a pair of real or virtual U ’s. In this case one can observe
events with 6 leptons in the final state, due to the h′-strahlung process, or 4 leptons and
a photon, due to the e+e− → h′γ reaction.

Another possible channel to look for the existence of the U boson is the e+e− → Uγ
process [20]. The expected cross-section can be as high as O(pb) at DAΦNE energies.
The on-shell boson can decay into a lepton pair, giving rise to a �+�−γ signal of few MeV
mass resolution. About 103 events/fb−1 are expected to be produced for ε ∼ 10−3.

In the following sections, results from the analyes of φ → ηU and e+e− → Uh′

channels are reported, together with perspectives for the new KLOE-2 run.

3. – The φ → ηU decay

As discussed above, the search of the U boson can be performed at KLOE using the
decay chain φ → ηU , U → �+�−. An irreducible background due to the Dalitz decay
of the φ meson, φ → η �+�−, is present. This decay has been studied by the SND and
CMD-2 experiments, which measured a branching fraction of BR(φ → η e+e−) = (1.19±
0.19±0.07)×10−4 and BR(φ → η e+e−) = (1.14±0.10±0.06)×10−4, respectively [35,36].
This corresponds to a cross-section of σ(φ → η �+�−) ∼ 0.7 nb, with a di-lepton mass
range M�� < 470 MeV. For the signal, the expected cross-section is expressed by [22]

σ(φ → η U) = ε2 |Fφη(m2
U )|2

λ3/2(m2
φ,m2

η,m2
U )

λ3/2(m2
φ,m2

η, 0)
σ(φ → ηγ),(1)
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Fig. 1. – Left: Recoiling mass against the e+e− pair for data sample after preselection cuts. The
φ → η e+e− signal is clearly visible in the peak corresponding to η mass. The second peak at
∼ 590 MeV is due to KS → π+π− events with wrong mass assignment. Right: Mee distribution
for data at different analysis steps.

where Fφη(m2
U ) is the φηγ∗ transition form factor evaluated at the U mass while the

following term represents the ratio of the kinematic functions of the involved decays,
with λ(m2

1,m
2
2,m

2
3) = [1 + m2

3/(m2
1 − m2

2)]
2 − 4m2

1m
2
3/(m2

1 − m2
2)

2. Using ε = 10−3 and
|Fφη(m2

U )|2 = 1, a cross-section σ(φ → η U) ∼ 40 fb is obtained. Despite the small ratio
between the overall cross-section of φ → η U and φ → η �+�−, their different di-lepton
invariant mass distributions allow to test the ε parameter down to 10−3 with the KLOE
data set.

The best U decay channel to search for the φ → η U process at KLOE is in e+e−,
since a wider range of U boson masses can be tested and e± are easily identified using
a time-of-flight (ToF) technique. The η can be tagged by the three-pion or two-photon
final state, which represent ∼ 95% of the total decay rate. We have performed a search
using the η → π+π−π0 channel, which provide a clean signal with four charged tracks
and two photon in the final state. Studies are under way also for the η → π0π0π0 and
η → γγ samples.

3.1. The η → π+π−π0 final state. – The analysis of the η → π+π−π0 final state
has been performed on 1.5 fb−1. The Monte Carlo (MC) simulation of the irreducible
background φ → η e+e−, η → π+π−π0 has been produced with dΓ(φ → η e+e−)/dmee

weighted according to Vector Meson Dominance model [37], using the form factor para-
metrization from the SND experiment [35]. The MC simulation for the φ → η U decay
has been developed according to [22], with a flat distribution in Mee. All MC produc-
tions, including all other φ decays, take into account changes in DAΦNE operation and
background conditions on a run-by-run basis. Data-MC corrections for cluster energies
and tracking efficiency, evaluated with radiative Bhabha events and φ → ρπ samples,
respectively, have been applied.

Preselection cuts require: i) four tracks in a cylinder around the interaction point
(IP) plus two photon candidates; ii) best π+π−γγ match to the η mass using the pion
hypothesis for tracks; iii) other two tracks assigned to e+e−; iv) loose cuts on η and π0

invariant masses (495 < Mπ+π−γγ < 600 MeV, 70 < Mγγ < 200 MeV). These simple cuts
allow to clearly see the peak due to φ → η e+e− events in the distribution of the recoil
mass to the e+e− pair, Mrecoil(ee) (see fig. 1, left). A cut 535 < Mrecoil(ee) < 560 MeV
is then applied.
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Fig. 2. – Invariant mass of the e+e− pair (left) and cos ψ∗ distribution (right) for φ → η e+e−,
η → π+π−π0 events.

A residual background contamination, due to φ → ηγ events with photon conversion
on beam pipe (BP) or drift chamber walls (DCW), is rejected by tracing back the tracks
of the two e+, e− candidates and reconstructing their invariant mass (Mee) and distance
(Dee) at the BP/DCW surfaces. As both quantities are small in case of photon con-
versions, φ → ηγ background is removed by rejecting events with: Mee(BP ) < 10 MeV
and Dee(BP ) < 2 cm, Mee(DCW ) < 80 MeV and Dee(DCW ) < 10 cm. A further rel-
evant background, originated by φ → KK̄ and wrongly reconstructed φ → π+π−π0

decays surviving analysis cuts, have more than two charged pions in the final state
and are suppressed using time-of-flight (ToF) to the calorimeter. When an energy clus-
ter is connected to a track, the arrival time to the calorimeter is evaluated both using
the calorimeter timing (Tcluster) and the track trajectory (Ttrack = Ltrack/βc). The
ΔT = Ttrack − Tcluster variable is then evaluated in both electron (ΔTe) and pion (ΔTπ)
hypotheses. Events with an e+, e− candidate outside a 3σ’s window on the ΔTe vari-
ables are rejected. In fig. 1, right, the Mee distribution evaluated at different steps of the
analysis is shown. The peaks at ∼ 30 MeV and ∼ 80 MeV are due to photon conversions
on BP and DCW, respectively. The ToF cut reduces the tail at high Mee values while the
conversion cut removes events in the low invariant mass region. The analysis efficiency
as a function of Mee ranges between 10% and 20%, increasing for high Mee values.

In fig. 2 the comparison between data and Monte Carlo events for Mee and cos ψ∗

distributions is shown. The second variable is the angle between the η and the e+ in
the e+e− rest frame. About 14000 φ → η e+e−, η → π+π−π0 candidates are present
in the analyzed data set, with a negligible residual background contamination. As an
accurate description of the background is crucial for the search of the U boson, its shape
is extracted directly from our data. A fit is performed to the Mee distribution, after
applying a bin-by-bin subtraction of the φ → ηγ background and efficiency correction.
The parametrization of the fitting function has been taken from ref. [37]:

dΓ(φ → η e+e−)
dq2

=
α

3π

|Fφη(q2)|2
q2

√
1 − 4m2

q2

(
1 +

2m2

q2

)
λ3/2(m2

φ,m2
η,m2

U )(2)

with q = Mee and the transition form factor described by Fφη(q2) = 1/(1− q2/Λ2). Free
parameters of the fit are Λ and an overall normalization factor. A good description of
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Fig. 3. – Fit to the Mee spectrum for the Dalitz decays φ → η e+e−, using the η → π+π−π0

final state.

the Mee shape is obtained, except at the high end of the spectrum (see fig. 3), where a
residual background contamination from multi-pion events is still present.

As mentioned before, the φ → ηU MC signal has been produced according to ref. [22],
with a flat distribution of the U boson invariant mass. Events are then divided in sub-
samples of 1 MeV width. For each Mee value, signal hypothesis has been excluded at
90% CL using the CLS technique [38]. For the φ → η U signal, the opening of the
U → μ+μ− threshold has been included, in the hypothesis that the U boson decays
only to lepton pairs and assuming equal coupling to e+e− and μ+μ−. The expected
shape for the irreducible background φ → η e+e− is obtained from our fit to the Mee

distribution, taking also into account the error on number of background events as a
function of Mee. In fig. 4 the exclusion plot on α′/α = ε2 variable is compared with
existing limits from the muon anomalous magnetic moment aμ [39] and from recent
measurements of the MAMI/A1 [40] and APEX [41] experiments. The gray line is where
the U boson parameters should lay to account for the observed discrepancy between
measured and calculated aμ values. Our result greatly improves existing limits in a wide
mass range, resulting in an upper limit on the α′/α parameter of ≤ 2× 10−5 at 90% CL
for 50 < MU < 420 MeV.

3.2. The η → π0π0π0, η → γγ final states. – Other two analyses devoted to the search
of the φ → ηU , U → e+e−, decay are in progress, using fully neutral η decay channels.

The analysis strategy for the η → π0π0π0 decay is similar to the previous one. After
preselection cuts based on event topology, the background is reduced to negligible levels
by cutting on the e+e− recoil mass, ToF variables and rejecting events due to conversions.
The preliminary di-lepton invariant mass using 1.7 fb−1 is shown in fig. 5, left. Evaluation
of the exclusion plot is in progress.

For the η → γγ final state, the most severe background is generated by double ra-
diative Bhabha scattering events and it is strongly reduced by cutting on the opening
angle between the charged tracks and the photons. Residual non-Bhabha background
is rejected by using further electron identification, based on the E/p ratio for the e+e−
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Fig. 4. – Exclusion plot at 90% CL for the parameter α′/α = ε2, compared with existing limits
in our region of interest.

candidates. The resulting background reduction is still not enough for the search of
φ → ηU events. The Mee spectrum obtained with 1.7 fb−1 (fig. 5, right) shows a clear
evidence of φ → η e+e− Dalitz decays at low values and a residual background contam-
ination at high Mee due to Bhabha events. Work is in progress to further improve the
signal-to-background ratio.

4. – The Higgs′-strahlung channel

The feasibility of the search for the process e+e− → Uh′ has been done considering
the mh′ < mU case. At DAΦNE energies, for ε ∼ 10−3, a production cross-section of
≈ 20 fb is expected and the h′ has τh′ > 10 μs, escaping the detection. The signature is
therefore a lepton pair from the U boson plus missing energy.
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Fig. 6. – Search for e+e− → h′U , U → μ+μ−, h′ → “invisible” events: recoil mass to the μ+μ−

pair as a function of the di-muon invariant mass for data taken at the φ mass (left) and at√
s = 1 GeV (right).

The selection strategy has been optimized using Monte Carlo events. The signal
has been generated according to ref. [20] in a discrete set of mass values in the range
mU ≤ 900 MeV, mh′ ≤ 400 MeV. The U → e+e− events are not selected by any official
KLOE event classification (ECL) algorithms, which divide the events on the basis of
topological information and provide reconstructed data to be used for different analyses.
On the contrary, ECL is fully efficient for U → μ+μ− events when mh′ < 300 MeV. We
therefore considered the μ+μ− final state only.

Muons are identified and separated from electrons and pions using a neural network
algorithm based on energy depositions along the shower depth in the calorimeter and
E/p, β variables. The other relevant cuts to reduce background contamination are:
i) missing momentum direction in the barrel calorimeter; ii) a tight cut on vertex-IP
distance and iii) no clusters in the calorimeter, with the exception of the two associated
to tracks. The residual background contamination is due to e+e− → π+π−γ/μ−μ−γ
continuum events with an undetected photon, and to φ → K+K− → μ + μ−νν̄ with
early decaying kaons.

In fig. 6, left the distribution of the recoil mass to the μ+μ− pair (Mrecoil) as a function
of the di-muon invariant mass obtained with 1.65 fb−1 is reported. Mrecoil is evaluated
using the center-of-mass energy of each run measured with Bhabha scattering events and
the momenta of the muons. Continuum background, which can be further reduced tuning
the π/μ identification algorithm, is concentrated in the band at Mμ+μ− > 700 MeV. The
φ → K+K− channel covers a wider region of the plane (Mμ+μ− < 600 MeV, Mrecoil <
300 MeV). This background, having only two muons in the final state and missing energy
due to neutrinos, has the same signature of the signal. The efficiency for e+e− → Uh′

events is 15–40%, depending on mU , mh′ masses. Taking into account the total integrated
luminosity, a signal would show up as a sharp peak with ≤ 10 events in the Mrecoil-Mμμ

plane for ε ∼ 10−3.
Being the φ → K+K− background a nasty background source, we repeated the

analysis using the off-peak sample, 0.2 fb−1 taken at a center-of-mass energy of 1 GeV.
As can be seen in fig. 6, right, the contribution from resonant background is not present
anymore, providing a much cleaner sample for the search of e+e− → Uh′ candidates.
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5. – Summary and perspectives for KLOE-2

The search for φ → ηU with U → e+e−, η → π+π−π0, using 1.5 fb−1 of KLOE
data, results in an upper limit on the α′/α = ε2 parameter of ≤ 2 × 10−5 at 90% CL
for 50 < MU < 420 MeV. The inclusion of the the η → π0π0π0 and η → γγ channels,
already under study, will cover 95% of the η decay channels. Due to larger branching
ratio and analysis efficiency, an improvement of ≈ 2 on the upper limit is expected.
With the new data sample expected at KLOE-2, this value can be further improved. An
integrated luminosity 10 fb−1 will provide another factor 2 improvement on the upper
limit evaluation.

The search of the Higgs′-strahlung channel, e+e− → Uh′ with U → μ+μ− plus missing
energy, is limited by a non-negligible φ → K+K− background in a wide region of the
Mμ+μ− , Mrecoil plane. Work is in progress to reduce this contribution on the KLOE
data sample. At KLOE-2, the improvement on the vertex resolution, achievable with the
insertion of the inner tracker, will provide a higher rejection factor. The feasibility of
a high statistics run at 1 GeV, where the resonant background contribution is naturally
reduced, is also under discussion.
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Summary. — In an era of promising experimental searches, Dark Matter theorists
are diversifying their portfolio, adding assets different from the time-honored Su-
perSymmetric neutralino. I pick and briefly discuss a few new directions in model
building and in phenomenology: Minimal Dark Matter, Asymmetric Dark Matter
and Secluded Dark Matter (Report numbers: CERN-PH-TH/2012-081, SACLAY–
T12/026).

PACS 95.35.+d – Dark matter (stellar, interstellar, galactic, and cosmological).
PACS 12.60.-i – Models beyond the standard model.
PACS 98.80.Cq – Particle-theory and field-theory models of the early Universe
(including cosmic pancakes, cosmic strings, chaotic phenomena, inflationary
universe, etc.).

1. – Introduction

At the cost of oversimplifying history, I shall claim that the latest 30 years or so, in the
field of particle Dark Matter (DM) phenomenology, have been dominated by one single
dispotic ruler: the SuperSymmetric neutralino. Sure, challengers have tried to emerge,
sometimes with force (e.g., Kaluza-Klein DM), and a somewhat clandestine subculture
has continued to pursue its goals in the dark (axion or sterile neutrino workshippers, for
instance). But there is little doubt that SuSy DM is perceived by most of the community
as a point of reference and veneration. E.g., it is not uncommon to hear experimentalists
or astronomers confuse (or identify in their minds, in a sort of revealing giveaway) the
concepts of “particle DM”, “WIMP” and “neutralino”.

Of course, there is nothing surprising in this state of affairs, given that the theoret-
ical community has insisted for decades that i) the neutralino is such a well motivated
DM candidate which ii) is just around the corner in your favorite energy/scattering
strength/sensitivity scale. And indeed the neutralino is such a well-motivated DM can-
didate, if SuSy is true, and it is around the corner, if naturalness motivated and näıve
SuSy parameters hold.

However, other possibilities exist.

c© Società Italiana di Fisica 29
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Table I. – A tentative categorization of some popular DM candidates. In bold, those picked for
an additional discussion in the text, in italic, naturalness-inspired candidates.

Charge Candidates Production Stability

�������
electromagnetic – – –

weak

neutralino. . .

thermal freeze-out

R-parity

Kaluza-Klein DM KK-parity

Little Higgs DM T-parity

Minimal DM
thermal freeze-out

gauge symmetry

Inert Doublet DM Z2 symmetry

strong(ish)
Technicolor DM

ff

asym DM ‘exhaustion’
T-baryon number

mirror DM Z2 symmetry

other
“secluded DM”

sort of freeze-out
some symmetry

Wimpless DM some symmetry

none

singlet scalar thermal freeze-out Z2 symmetry

sterile ν mixing just long lived

gravitino thermal or decay R-parity or long lived

axion misalignment? just long lived

2. – The current panorama and an attempt at widening the perspective

Many DM candidates (including the neutralino, my strawman) arise within the con-
text of comprehensive theories (such as supersymmetry), often aiming at explaining some
problem in particle physics (such as the hierarchy problem) other than the DM prob-
lem itself. For this reason it is often customary to classify them in terms of the theory
in which they originate (SuperSymmetric DM, Kaluza-Klein DM, Technicolor DM. . . ).
However, this is not necessarily the only way to proceed. An arguably more democratic
and revealing classification could be made in terms of the quantum numbers under which
the DM candidate is charged, or in terms of the production mechanism that assures its
correct abundance today, or yet in terms of the reason which guarantees its stability (or
meta-stability) on cosmological time-scales.

Table I presents such a classification. Bear in mind that it is only partial and that no
classification I can come up with would be totally satisfactory (at least to me). This is
as good as an attempt can be.

Starting from the left of the table: DM can be charged under different forces. The
first possibility is electromagnetism, but this is immediately excluded by the very name
of Dark Matter (more technically: there exist very stringent constraints on ChaMPs,
Charge Massive Particles [1]).
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Fig. 1. – Three typical histories of DM abundance production mechanisms: thermal WIMP
freeze-out (left, from [2]), asymmetric DM “exhaustion” (center) and talantogenesis (oscillating
asymmetric DM, right).

Next come weak interactions (in the sense of the Standard Model SU(2)): this is the
well known class of WIMPs, Weakly Interacting Massive Particles. In this class lie the
candidates which arise within SuSy, extradimensions, Little Higgs, i.e. as a byproduct
of a more ambitious and comprehensive theory, often addressing the naturalness issue.
Here also lie, however, models loosely identified by the fact that they aim at providing
a viable DM candidate insisting on introducing the minimal set of new particles beyond
the Standard Model, somewhat in opposition to the mainstream direction just discussed.
The namesake Minimal Dark Matter (MDM) [7] falls in this class, as well as less funda-
mentalist theories such as the model in [12], the hidden vector [13], the Inert Doublet
Model (IDM) [14,15] and others. I will discuss MDM in sect. 3.1.

One of the main compelling features of WIMP candidates is that it is automatically
produced in the correct amount in cosmology, thanks to the so called “WIMP miracle”,
a realization of the thermal freeze-out mechanism which works in the following way.
DM particles were as abundant as photons in the beginning, being freely created and
destructed in pairs when the temperature of the hot plasma was larger then their mass.
Their relative number density started then being suppressed as annihilations proceeded
but the temperature dropped below their mass, due to the cooling of the Universe.
Finally the annihilation processes also froze out as the Universe expanded further. The
remaining, diluted abundance of stable particles constitutes the DM today. As it turns
out, particles with weak scale mass (∼ 100GeV–1 TeV) and weak interactions could
play the above story remarkably well, and their final abundance would automatically
(miraculously?) be the observed ΩDM. This is an enchanting story, but it is certainly
not the only possibility, as we will also see below. (See fig. 1.)

Dark Matter can also be subject to strong or simil-strong interactions, such as in
Technicolor or Mirror DM motivated models. Here the emphasis is on the existence of
some large interaction cross section similar to that of baryons. In this case the production
mechanism is completely different from thermal freeze-out and it relies instead on the
existence of a primordial asymmetry, as I will discuss in sect. 3.2. For this reason, these
kinds of models are accomunated in the category of asymmetric DM for my purposes.

Apart from the ordinary interactions discussed so far (and of course apart from grav-
ity), it could be that other new forces exist, under which DM is charged. This is the basic
idea underlying models such as “secluded DM” and WIMPless DM (named of course in
opposition to weakly interacting DM), which I will briefly discuss in sect. 3.3.

Finally, DM could have no charge at all. This does not mean that it needs not interact
with ordinary matter at all. It just means that it is sterile under all gauge groups. In
this class of candidates one finds singlet scalar DM [3], sterile neutrino DM [4], gravitino
DM [5], the axion [6].
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The reason by which the DM particle is stable constitutes another aspect of difference
among candidates. The most popular solution is to invoke the existence of a (possibly
discrete) symmetry that forbids its decay. This symmetry may be imposed in the theory
for other purposes (or be the remnant of a larger broken one imposed for other purposes)
so that DM “benefits” from it somewhat by chance. Alternatively, it can be put there by
hand just to keep DM stable. A notable example in the first class is R-parity in SuSY,
while in the second class one can mention KK-parity in ExtraDimensional DM, T -parity
in Little Higgs DM etc. The “stabilization symmetry” has become such a household tool
for the model builder that often he/she does not even spend time arguing about it: when
in a hurry, just say you add a Z2 symmetry and move on. Recently, however, a couple
of different options have emerged. The first one is that DM might be stabilized by the
ordinary gauge symmetries of the Standard Model: this is the idea underlying the MDM
model, discussed in sect. 3.1. The second one is the realization that, after all, DM need
not be absolutely stable but just long lived enough to still be around on cosmological
timescales: decaying DM has been the subject of much interest lately.

3. – A few new directions

3.1. Minimal Dark Matter: the most economical model? – The MDM model [7-11] is
constructed by simply adding on top of the Standard Model a single fermionic or scalar
multiplet X charged under the usual SM SUL(2)×UY (1) electroweak interactions (that
is: a WIMP). Its conjugate X̄ belongs to the same representation, so that the theory is
vector-like with respect to SUL(2) and anomaly-free. The Lagrangian is “minimal”:

(1) L = LSM +
1
2

{
X̄ (iD/ + M)X , for fermionic X ,

|DμX|2 − M2|X |2, for scalar X .

The gauge-covariant derivative Dμ contains the known electroweak gauge couplings to
the vectors bosons of the SM (Z, W± and γ) and M is a tree level mass term (the only
free parameter of the theory). A host of additional terms (such as Yukawa couplings
with SM fields) would in principle be present, but for successful candidates they will
be forbidden by gauge and Lorentz invariance, as detailed below. X is fully determined
by the assignments of its quantum numbers under the gauge group: the number of its
SU(2)L components, n = {2, 3, 4, 5 . . .} and the hypercharge Y .

For a given assignment of n there are a few choices of the hypercharge Y such that
one component of the X multiplet has electric charge Q = T3 + Y = 0 (where T3 is the
usual “diagonal” generator of SU(2)L), as needed for a DM candidate. For instance,
for the doublet n = 2, since T3 = ±1/2, the only possibility is Y = ∓1/2. For n = 5
one can have Y = {0,±1,±2}, and so on. The list of possible candidates has to stop at
n ≤ 5 (8) for fermions (scalars) because larger multiplets would accelerate the running
of the SU(2)L coupling g2: demanding that the perturbativity of α−1

2 (E) is mantained
all the way up to E ∼ MPl (since the Planck scale MPl is the cutoff scale of the theory)
imposes the bound.

The candidates with Y �= 0 have vector-like interactions with the Z boson that pro-
duce a tree-level spin-independent elastic cross sections which are 2–3 orders of magnitude
above the present bounds from direct detection searches. Unless minimality is abandoned
in an appropriate way, such MDM candidates are therefore excluded and I will focus in
the following on those with Y = 0.
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Next I need to inspect which of the remaining candidates are stable against decay into
SM particles. For instance, the fermionic 3-plet with hypercharge Y = 0 would couple
through a Yukawa operator XLH with a SM lepton doublet L and a Higgs field H and
decay in a very short time. This is not a viable DM candidate, unless the operator
is eliminated by some ad hoc symmetry. For another instance, the scalar 5-plet with
Y = 0 would couple to four Higgs fields with a dimension 5 operator XHHH∗H∗/MPl,
suppressed by one power of the Planck scale. Despite the suppression, the resulting
typical life-time τ ∼ M2

Pl TeV−3 is shorter than the age of the Universe, so that this is
not a viable DM candidate.

Now, the crucial observation is that, given the known SM particle content, the large
n multiplets cannot couple to SM fields and are therefore automatically stable DM can-
didates. This is the same reason why known massive stable particles (like the proton)
are stable: decay modes consistent with renormalizability and gauge symmetry do not
exist. In other words, for these candidates DM stability is explained by an “accidental
symmetry”, like proton stability. Among the candidates that survived all the previous
constraints, only two possibilities then emerge: a n = 5 fermion, or a n = 7 scalar. But
scalar states may have non-minimal quartic couplings with the Higgs field. I will then
set the 7-plet aside and focus on the fermionic 5-plet for minimality.

In summary, the “Minimal Dark Matter” construction singles out a

fermionic SU(2)L 5-plet with hypercharge Y = 0

as providing a fully viable, automatically stable DM particle. It is called “Minimal DM”
since it is described by the minimal gauge-covariant Lagrangian that one obtains adding
the minimal amount of new physics to the SM in order to explain the DM problem.

Assuming that DM arises as a thermal relic in the Early Universe, via the standard
freeze-out process, we can compute the abundance of MDM as a function of its mass M .
In turn, requiring that MDM makes all the observed DM, ΩDMh2 = 0.110±0.005, we can
univocally determine M . Not surprisingly, its value turns out to be broadly in the TeV
range, because MDM is a pure WIMP model for which the “WIMP miracle” applies. The
actual value turns out to be 9.6± 0.2 TeV, somewhat on the high side because the 5-plet
has many components so that coannihilations are important and because Sommerfeld
corrections (not discussed here) enhance the annihilation cross section.

3.2. Asymmetric Dark Matter: a new production paradigm? – I briefly presented above
the thermal freeze-out mechanism, which plays a prominent role for WIMP candidates,
including MDM. I now discuss another possibility, which is to assume that DM parti-
cles were once in thermal equilibrium with an initial asymmetry between particles and
antiparticles. This was originally considered in Technicolor-like constructions [16-20]
or mirror models [21-27], but also in other contexts [28-33]. In the latest two years,
there has been a revival of interest for this scenario, dubbed Asymmetric Dark Mat-
ter (aDM) [34-58], with the aim in particular of connecting the DM abundance to the
abundance of baryons, i.e. to understand the origin of the ratio ΩB/ΩDM ∼ 1/5. A
common production history for the dark and visible matter, in fact, provides an elegant
explanation of why the two densities are so close to each other. This approach, in its
simplest realizations, suggests a rather light particle, O(5 GeV): this does not match
the expected scale of new physics, but part of the community has seen in it intriguing
connections with some recent hints of signals in various direct detection experiments.
Like for the baryonic abundance, if there is an asymmetry in the dark sector, as soon
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as annihilations have wiped out the density of (say) antiparticles, the number density of
particles remains frozen for lack of targets, and is entirely controlled by the primordial
asymmetry rather than by the value of the annihilation cross section. This is why this
scenario appears rather constraining on the value of the DM mass.

This conclusion changes in the presence of oscillations between DM and anti-DM par-
ticles [59,60]. Such oscillations can indeed replenish the depleted population of “targets”.
Annihilations, if strong enough, can then re-couple and deplete further the DM/anti-DM
abundance. The final DM relic abundance is therefore attained through a more complex
history than in the standard case of aDM, and in closer similarity to the freeze-out one.
So this is an instructive setup in the sense that it fills a gap between the standard thermal
freeze out prediction (where ΩDM does not depend explicitly on the DM mass but only
on the annihilation cross section 〈σv〉), and the aDM prediction where ΩDMh2 does not
depend on 〈σv〉 but only on the primordial DM asymmetry.

3.3. Secluded Dark Matter: new dark forces? – A model building line which has
attracted a huge interest in recent years is the one of models with new dark forces or,
more generically, a rich Dark Sector. Most of them have been directly stimulated by the
rather ephemeral desire of explaining the charged CR excesses in PAMELA, FERMI and
HESS [61], but nevertheless they have taught us to look into new interesting directions,
and this is a part that will most probably stay.

The model which undoubtedly has most attracted attention and has best spelled out
the ingredients is presented in [62], although similar ideas have been proposed before or
around the same time [63-69]. The model in [62] features a TeV-ish DM particle which is
sterile under the SM gauge group but which interacts with itself via a new force-carrying
boson φ (with the strength of typical gauge couplings). The DM annihilation therefore
proceeds through DM DM → φφ. A small mixing between φ and the electromagnetic
current assures that φ eventually decays. Therefore the process of DM annihilation occurs
in 2 steps: first two DMs go into two φ’s and then each φ’s, thanks to its mixing with a
photon, goes into a couple of SM particles. The crucial ingredient is that the mass of φ is
chosen to be light, of the order of � 1 GeV. This simple assumption, remarkably, kills two
birds with a stone. On one side, the exchange of φ realizes a Sommerfeld enhancement,
thus providing a very large annihilation cross section today but preserving the thermal
production of DM in the Early Universe. On the other side, φ can only decay into SM
particles lighter than a GeV, i.e. electrons, muons and possibly pions, but not protons:
this assures that the annihilation is leptophilic, for a simple kinematical reason. The
model therefore fulfils all the requirements needed to explain charged CR anomalies [61].
The construction can then be complicated ad libitum, e.g. assuming that the dark gauge
group is non-Abelian and the DM sits in a multiplet of such group, with small splitting
between the components. This allows to accommodate other experimental anomalies,
not discussed here.

The kinematical argument is not the only one available to justify a leptophilic nature
for DM. In the literature, variations have been proposed in which DM is coupled prefer-
entially to leptons because it carries a lepton number [70], because it shares a quantum
number with a lepton [61, 71], because quarks live on another brane [72] or. . . “because
I say so” [73].

4. – Conclusions

At a historical moment in which conventional DM candidates are facing their “moment
of truth” [74], I argue that new alternative directions are gaining momentum. In sect. 2
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I tried to categorize many DM candidates in terms of their “charge”, production process
or stability mechanism, pointing out that there is a whole panorama outside of the
ordinary, naturalness motivated, thermal WIMP candidates. I then picked three ideas
for some further discussion: Minimal Dark Matter (sect. 3.1, one of the most economic
modesl), Asymmetric DM (sect. 3.2, an example of alternative production mechanism)
and secluded DM (sect. 3.3, advocating new dark forces).
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Summary. — Some models of modified gravity and their observational manifesta-
tions are considered. It is shown, that gravitating systems with mass density rising
with time evolve to a singular state with infinite curvature scalar. The universe
evolution during the radiation-dominated epoch is studied in R2-extended gravity
theory. Particle production rate by the oscillating curvature is calculated. Possible
implications of the model for cosmological creation of non-thermal dark matter are
discussed.

PACS 98.80.Cq – Particle-theory and field-theory models of the early Universe (in-
cluding cosmic pancakes, cosmic strings, chaotic phenomena, inflationary universe,
etc.).
PACS 95.35.+d – Dark matter (stellar, interstellar, galactic, and cosmological).
PACS 95.30.Sf – Relativity and gravitation.

1. – Introduction

Discovering of the cosmic antigravity based on the accumulated astronomical data,
such as observation of the large-scale structure of the universe, measurements of the
angular fluctuations of the cosmic microwave background radiation, determination of the
universe age (for a review see [1]), and especially discovery of the dimming of distant
Supernovae [2], is the most attractive event in cosmology of the last quarter of century.
It was established and unambiguously proved that the universe expansion is accelerated,
but the driving force behind this accelerated expansion in still unknown.

Among possible explanations, the most popular is probably the assumption of a new
(unknown) form of cosmological energy density with large negative pressure, P < −ρ/3,
the so-called dark energy, for a review see, e.g., [3].

A competing mechanism to describe the accelerated expansion is represented by grav-
ity modifications at small curvature, the so-called f(R)-gravity theories, as suggested in
ref. [4]. In these theories the standard Einstein-Hilbert Lagrangian density, proportional
to the scalar curvature R, is replaced by a function f(R), so the usual action of General
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Relativity acquires an additional term:

S = −m2
Pl

16π

∫
d4x

√
−g f(R) + Sm = −m2

Pl

16π

∫
d4x

√
−g [R + F (R)] + Sm,(1)

where mPl = 1.22 · 1019 GeV is the Planck mass and Sm is the matter action.
The original version of such models [4] suffers from a strong instability in the presence

of gravitating bodies [5] and because of that more complicated functions F (R) have been
proposed [6-9], which are free from the mentioned exponential instability.

Though free of instability [5], the models proposed in [6-8] possess another troublesome
feature, namely in a cosmological situation they should evolve from a singular state in the
past [10]. Moreover, it was found in refs. [11,12] that in presence of matter, a singularity
may arise in the future if the matter density rises with time; such future singularity is
unavoidable, regardless of the initial conditions, and is reached in a time which is much
shorter than the cosmological one.

2. – Explosive phenomena in modified gravity

In paper [12] the model of modified gravity with F (R) function suggested in ref. [6]
was considered:

F (R) = λR0

[(
1 +

R2

R2
0

)−n

− 1

]
.(2)

Here constant λ is chosen to be positive to produce an accelerated cosmological expansion,
n is a positive integer, and R0 is a constant with dimension of the curvature scalar. The
latter is assumed to be of the order of the present day average curvature of the universe,
i.e. R0 ∼ 1/t2U , where tU ≈ 4 · 1017 s is the universe age.

The corresponding equations of motion have the form

(1 + F ′) Rμν − 1
2

(R + F ) gμν + (gμνDαDα − DμDν) F ′ =
8πT

(m)
μν

m2
Pl

,(3)

where F ′ = dF/dR, Dμ is the covariant derivative, and T
(m)
μν is the energy-momentum

tensor of matter.
By taking trace over μ and ν in eq. (3) we obtain the equation of motion which

contains only the curvature scalar R and the trace of the energy-momentum tensor of
matter:

3D2F ′ − R + RF ′ − 2F = T,(4)

where T = 8πTμ
μ /m2

Pl.
We analyze the evolution of R in massive objects with time-varying mass density,

ρm � ρc. The cosmological energy density at the present time is ρc ≈ 10−29 g/cm3,
while matter density of, say, a dust cloud in a galaxy could be about ρm ∼ 10−24 g/cm3.
Since the magnitude of the curvature scalar is proportional to the mass density of a
non-relativistic system, we find R � R0. In this limit:

F (R) ≈ −λR0

[
1 −

(
R0

R

)2n
]

.(5)
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Fig. 1. – Potential U(z) = z(1 + κτ) − z1−ν/(1 − ν), ν = 1
5
, τ = 0.

The equation of motion is very much simplified if we introduce the new notation

w = −F ′ = 2nλ

(
R0

R

)2n+1

.(6)

Evolution of w is governed by a simple equation of unharmonic oscillator:

(∂2
t − Δ)w + U ′(w) = 0.(7)

Potential U(w) is equal to

U(w) =
1
3

(T − 2λR0) w +
R0

3

[
qν

2nν
w2nν +

(
qν +

2λ

q2nν

)
w1+2nν

1 + 2nν

]
,(8)

where ν = 1/(2n + 1), q = 2nλ, and in eq. (7) U ′(w) = dU/dw.
Notice that infinite R corresponds to w = −F ′ = 0, so if F ′ reaches zero, it would

mean that R becomes infinitely large.
Potential U would depend upon time, if the mass density of the object under scrutiny

changes with time, T = T (t). If only the dominant terms are retained and if the space
derivatives are neglected, eqs. (7), (8) simplify to

z′′ − z−ν + (1 + κτ) = 0.(9)

Here we introduced dimensionless quantities

t = γτ, γ2 =
3q

(−R0)

(
−R0

T0

)2(n+1)

,(10)

w = βz, β = γ2T0/3 = q

(
−R0

T0

)2n+1

.

The minimum of the potential U(z) (fig. 1) sits at zmin = (1 + κτ)−1/ν . When the
mass density rises, the minimum moves towards zero and becomes less deep. If at the
process of “lifting” of the potential z(τ) happens to be at U > 0 it would overjump
potential which is equal to zero at z = 0. In other words, z(τ) would reach zero, which
corresponds to infinite R, and so the singularity can be reached in finite time (see fig. 2).
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Fig. 2. – Ratio z(τ)/zmin(τ) (left) and functions z(τ) and zmin(τ) (right) for n = 2, κ = 0.01,
ρm/ρc = 105. Initial conditions: z(0) = 1 and z′(0) = 0.

The simplest way to avoid singularity is to introduce the R2-term into the gravitational
action,

δF (R) = −R2/6m2 ,(11)

where m is a constant parameter with dimension of mass.
In the homogeneous case and in the limit of large ratio R/R0 equation of motion for

R is modified as
[
1 − R2n+2

6λn(2n + 1)R2n+1
0 m2

]
R̈ − (2n + 2)

Ṙ2

R
− R2n+2(R + T )

6λn(2n + 1)R2n+1
0

= 0.(12)

With dimensionless curvature and time

y = − R

T0
, τ1 = t

[
− T 2n+2

0

6λn(2n + 1)R2n+1
0

]1/2

(13)

the equation for R is transformed into

(
1 + gy2n+2

)
y′′ − 2(n + 1)

(y′)2

y
+ y2n+2 [y − (1 + κ1τ1)] = 0,(14)

where the prime means derivative with respect to τ1.
We introduced here the new parameter, g, which can prevent from the approach to

infinity and is equal to

g = − T 2n+2
0

6λn(2n + 1)m2R2n+1
0

> 0.(15)

For very large m, or small g, when the second term in the coefficient of the second
derivatives in eqs. (12) and (14) can be neglected, the numerical solution demonstrates
that R would reach infinity in finite time in accordance with the results presented above
(see fig. 3, left panel). Non-zero g would terminate the unbounded rise of R. To avoid too
large deviation of R from the usual gravity coefficient g should be larger than or of the
order of unity. In the right panel of fig. 3 it is clearly seen, that for g = 1 the amplitude
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Fig. 3. – Numerical solutions of eq. (14) for n = 3, κ1 = 0.01, y(τin) = 1 + κ1τin, y′(τin) = 0.
Left panel: g = 0. Right panel: g = 1.

of oscillations remains constant whereas the average value of R increases with time. As
follows from eq. (14), the frequency of small oscillations of y around y0 = 1 + κ1τ1 in
dimensionless time τ1 is

ω2
τ =

1
g

gy2n+2
0

1 + gy2n+2
0

≤ 1
g

.(16)

It means that in physical time the frequency would be

ω ∼ 1
tU

(
T0

R0

)n+1
yn+1
0√

1 + gy2n+2
0

≤ m.(17)

In particular, for n = 5 and for a galactic gas cloud with T0/R0 = 105, the oscillation
frequency would be 1012 Hz ≈ 10−3 eV. Higher density objects, e.g., those with ρ =
1 g/cm3 would oscillate with much higher frequency, saturating bound (17), i.e. ω ∼ m.
All kinds of particles with masses smaller than m might be created by such oscillating
field.

3. – Cosmological evolution and particle production in R2 gravity

In the present section we study the cosmological evolution of the Universe in a theory
with only an additional R2 term in the action, neglecting other terms which have been
introduced to generate the accelerated expansion in the contemporary universe [13]. The
impact of such terms is negligible in the limit of sufficiently large curvature, |R| � |R0|,
where R0 is the cosmological curvature at the present time.

In other words, we study here the cosmological evolution of the early and not so early
universe in the model with the action

S = −m2
Pl

16π

∫
d4x

√
−g

(
R − R2

6m2

)
+ Sm.(18)

The modified Einstein equations for this theory read

Rμν − 1
2
gμνR − 1

3m2

(
Rμν − 1

4
Rgμν + gμνDαDα − DμDν

)
R =

8π

m2
Pl

Tμν .(19)
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Expressing the curvature scalar R through the Hubble parameter H = ȧ/a as R =
−6Ḣ − 12H2, we get the time-time component of eq. (19):

Ḧ + 3HḢ − Ḣ2

2H
+

m2H

2
=

4πm2

3m2
PlH

ρ,(20)

where over-dots denote derivative with respect to the physical time t.
Taking the trace of eq. (19) yields

R̈ + 3HṘ + m2

(
R +

8π

m2
Pl

Tμ
μ

)
= 0.(21)

In what follows, we study the cosmological evolution in the R2-theory assuming rather
general initial conditions for R and H and dominance of relativistic matter with the
following equation for the matter content:

ρ̇ + 4Hρ = 0.(22)

It is convenient to rewrite the equations in terms of the dimensionless quantities
τ = H0 t, h = H/H0, r = R/H2

0 , y = 8πρ/(3m2
PlH

2
0 ), and ω = m/H0,where H0 is the

value of the Hubble parameter at some initial time t0. Thus the following system of
equations for dimensionless Hubble parameter is obtained:

h′′ + 3hh′ − h′2

2h
+

ω2

2
h2 − y

h
= 0,(23a)

y′ + 4hy = 0.(23b)

First we assume that the deviations from General Relativity (GR) are small and
expand h = 1/(2τ) + h1 and y = 1/(4τ2) + y1, assuming that h1/h � 1 and y1/y � 1,
and solve the linearized system of equations.

The complete asymptotic solution for h has the form

h(τ) � 1
2τ

+
c1 sin(ωτ + ϕ)

τ3/4
.(24)

The Hubble parameter oscillates around GR value, h0 ∼ 1/(2τ) with rising amplitude,
h1/h0 ∼ τ1/4, and for sufficiently large τ the second term would start to dominate and
the linear approximation would no longer hold. Using trancated Fourier expansion it is
possible to obtain approximate analytical solutions of the full non-linear system in the
high-frequency limit ωτ � 1. The same results are found numerically for the initial
conditions h0 = 1 + δh0, h′

0 = −2 + δh′
0 y0 = 1 + δy0 (see fig. 4).

Gravitational particle production may non-trivially affect the solutions of the above
equations. Below we consider particle production by the external oscillating gravitational
field and present the equation of motion for the evolution of R with the account of the
back-reaction from particle production. This leads to an exponential damping of the
oscillating part of R, while the non-oscillating “Friedmann” part remains practically
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Fig. 4. – Numerical solution of eqs. (23). Left panel: linear regime with δh0 = 10−4, δh′
0 = 0,

y0 = 1, ω = 10. Right panel: high-frequency limit with δh0 = 1.5, δh′
0 = 0, y0 = 0, ω = 100.

Initial conditions are different from GR, the central value hτ = 0.6 is shifted from GR value 0.5.

undisturbed. The particle production influx into the cosmological plasma is estimated
in the case of a massless, minimally-coupled to gravity scalar field with the action

Sφ =
1
2

∫
d4x

√
−g gμν∂μφ ∂νφ.(25)

It terms of the conformally rescaled field, χ ≡ a(t)φ, and conformal time η, such that
adη = dt, we can rewrite the equations of motion as

R′′ + 2
a′

a
R′ + m2a2R = 8π

m2

m2
Pl

1
a2

[
χ′2 − (�∇χ)2 +

a′2

a2
χ2 − a′

a
(χχ′ + χ′χ)

]
,(26a)

R = −6a′′/a3,(26b)

χ′′ − Δχ +
1
6

a2R χ = 0,(26c)

We derive a closed equation for R taking the average value of the χ-dependent quan-
tum operators in the r.h.s. of eq. (26a) over vacuum, in presence of an external classical
gravitational field R following the procedure described in ref. [14], where such equation
was obtained in one-loop approximation.

The dominant contribution of particle production is given by the equation

R̈ + 3HṘ + m2R � 1
12π

m2

m2
Pl

∫ t

t0

dt′
R̈(t′)
t − t′

.(27)

This equation is linear in R and naturally non-local in time since the impact of particle
production depends upon all the history of the evolution of the system.

Using again the procedure of truncated Fourier expansion including the back-reaction
effects in the form of eq. (27), we obtain the decay rate

ΓR =
m3

48m2
Pl

.(28)
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This result is in agreement with ref. [15]. The characteristic decay time of the oscillating
curvature is

τR =
1

2ΓR
=

24m2
Pl

m3
� 2

(
105 GeV

m

)3

s.(29)

The contribution of the produced particles into the total cosmological energy density
reaches its maximum value at approximately this time.

The influx of energetic protons and antiprotons could have an impact on BBN. Thus
this would either allow to obtain some bounds on m or even to improve the agreement
between the theoretical predictions for BBN and the measurements of the primordial
abundances of light nuclei.

The oscillating curvature might be a source of dark matter in the form of heavy
supersymmetric (SUSY) particles. Since the expected light SUSY particles have not yet
been discovered at LHC, to some people supersymmetry somewhat lost its attractiveness.
The contribution of the stable lightest SUSY particle into the cosmological energy is
proportional to

Ω ∼ m2
SUSY /mPl(30)

and for mSUSY in the range 100–1000 GeV the cosmological fraction of these particles
would be of order unity. It is exactly what is necessary for dark matter. However, it
excludes thermally produced LSP’s if they are much heavier. If LSP’s came from the
decay of R and their mass is larger than the “mass” of R, i.e. m, the LSP production
could be sufficiently suppressed to make a reasonable contribution to dark matter.

In contemporary astronomical objects oscillation frequency could vary from m down
to very low frequency. The oscillations may produce radiation from high-energy cosmic
rays down to radio waves.
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Summary. — The OPERA experiment was designed to perform the first detection
of νμ → ντ neutrino oscillations in a direct appearance mode. We present the
analysis results of the 2008–2009 statistics corresponding to 4.88 × 1019 p.o.t. In
this sample, one ντ candidate event has been observed in the τ → h channel. The
statistical significance of this observation is estimated to be 95%.

PACS 14.60.Pq – Neutrino mass and mixing.
PACS 25.30.Pt – Neutrino-induced reactions.

1. – Introduction

Neutrino oscillations were first observed by the Super-Kamiokande experiment [1] in
1998. In recent years, several other experiments [2] using atmospheric, solar, reactor and
accelerator neutrinos have confirmed the existence of neutrino oscillations and measured
the mixing parameters. However, the direct observation of the appearance of ντ from
an oscillated νμ is still missing. The observation of ντ appearance in an accelerator neu-
trino experiment will unambiguously prove that νμ → ντ is the dominant channel for the
neutrino atmospheric sector. This is the main goal of the OPERA experiment [3]. In par-
ticular, the aim is to find the signal events coming from ντ charged-current interactions:

ντN → τ−X,(1)

followed by one of the following decay topologies:

τ− → μ−ν̄μντ(2)
→ e−ν̄eντ

→ h−(nπ0)ντ

→ h−h−h+(nπ0)ντ .

The oscillation parameters and very short decay length (87μm) of the tau require i) a
long baseline, ii) high-energy neutrino beam and iii) a massive detector with a high

c© Società Italiana di Fisica 51
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spatial resolution. OPERA is exposed to the long-baseline CNGS νμ beam, 732 km away
from its neutrino source at CERN. The average neutrino energy is ∼ 17 GeV well above
the production threshold for the tau. The ν̄μ contamination in terms of interactions is
2.1%, the νe and ν̄e contaminations are lower than 1% while the prompt ντ in the beam
is negligible. The challenge of the OPERA experiment is to achieve the very high spatial
accuracy required for the detection of the tau inside a large-mass active target. The
technology chosen for this challenge are emulsion films interleaved with lead plates, his-
torically called Emulsion Cloud Chamber (ECC). The submicrometer spatial resolution
of the nuclear emulsion allows a precise three-dimensional reconstruction of the neutrino
vertex as well as of the decay vertex associated short-lived particles, including the tau.
The large target mass given by the lead plates allows to collect enough statistics.

2. – The detector

OPERA is a hybrid detector made of two identical Super Modules (SM) each consists
of a target section, of a scintillator tracker detector (TT) and a spectrometer. The total
mass is 1250 kTons. A target section is a succession of walls filled with elements called
bricks, interleaved with planes of scintillator strips composing the Target Tracker (TT)
that provide real time detection of the outgoing charged particles.

The target sections consist of about 150000 ECC bricks and each of them is made of 56
lead plates and 57 emulsion films for a total weight of 8.3 kg. An OPERA emulsion film
has two layers each 44 μm on both sides of base. The total thickness is about 290 μm. The
transverse size is 12.5 × 10.0 cm2. A pair of nuclear emulsion films are used as interface
between electronic detector and ECC brick. Tightly packed doublets of emulsion films
are glued to the downstream face of each brick and can be removed without opening the
brick.

The electronic detectors trigger the readout, identify and measure the trajectory of
charged particles and locate the brick where the interaction occurred. The momentum
of muons are measured by the spectrometers which consist of a dipolar magnet made of
two iron arms. The trajectory of muons are traced back through the scintillator planes
up to brick where the track originates. When no muons are observed, the scintillator
signals produced by electrons or hadronic showers are used to predict the location of the
brick that contains the primary neutrino interaction vertex. A detailed description of
the OPERA detector is given in [4].

The scanning of the emulsion films is performed with two different types of automatic
microscope, the European Scanning System (ESS) and Japanese S-UTS. The European
scanning system makes use of commercial subsystems in a software based framework.
The horizontal stage movable in XY coordinates with a CMOS camera mounted on
the optical axis along which it can be moved to change the focal plane. The control
workstation hosts a motion control unit that directs the stage to the area to be scanned
and drives the camera along the Z-axis to produce optical tomographic image sequences.
Then, the images are enhanced by means of a vision processing board in the control
workstation. The reconstructed clusters in an emulsion layer is called micro-tracks. The
linking of two matching micro-tracks produces the base-track. The system can work at
a speed of 20 cm2/h/layer. The Japanese system has been developed in Nagoya and is
based on highly customized components. The feature of this system is removal of the
stop and go process of the stage in the data taking stage. The optical system is moved
by a piezo-electric device. The dedicated board make the track recognition, building
micro-tracks. The system can reach the speed of 72 cm2/h/layer.
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3. – Event location and decay search

During years 2008–2009, OPERA has collected 31576 triggers corresponding to 5.13×
1019 protons on target. Among these events 5255 events reconstructed as occurring inside
the OPERA target.

The first step of event location is the extraction of the brick from the target wall. Then
the CS is detached and its films are searched for compatible with the electronic data to
verify the brick selection. In the case this search is unsuccessful, the brick is equipped
with a fresh CS and inserted back into the target. All tracks measured in the CS are
searched in the most downstream films of the brick and followed back until they are not
found in three consecutive films. The stopping point is considered as the signature either
for a primary of a secondary vertex. The vertex is then confirmed by scanning a volume
with a transverse size of 1 cm2 on at least 6 films downstream and 2 films upstream of
the stopping plate is scanned around each stopping point. The data are processed by an
offline program to reconstruct all tracks originating inside the volume. These tracks are
input for a vertex reconstruction algorithm which is tuned to find also decay topologies.

The mean efficiency of event location is found to be 74 ± 2% and 48 ± 4% for νμ

charged-current(CC) and neutral-current(NC) events, respectively. The expected num-
ber of located events in the 2008–2009 data sample is 2978±75. But the result presented
in this paper comes from the decay search analysis of 2738 events corresponding to 92%
of the located sample.

When a secondary vertex is found the kinematical analysis of the whole event is
done using the ECC brick data. The momentum of charged particles are determined by
multiple coulomb scattering [5] measured in the ECC brick. The energy of γ-rays and
electrons is estimated by a Neural Network algorithm that uses the combination of the
number of track segments in the emulsion films and the shape of the electromagnetic
shower, together with the multiple Coulomb scattering of the leading tracks.

4. – The candidate event

By applying decay search procedure, one ντ candidate was observed in the 2008–2009
data sample. The candidate event has 7 prongs at primary vertex out of which 4 are
identified as originating from a hadron and 3 have a probability lower than 0.1% of being
caused by a muon. The parent track exhibits a kink topology and the daughter track is
identified as produced by a hadron through its interaction. Its impact parameter with
respect to the primary is 55 ± 4 μm, the impact parameter for other tracks is smaller
than 7μm. Two γ-rays point to the secondary vertex. The event passes all selection
criteria described in [3] and summarized in table I. The invariant mass of two γ-rays is
120±20(stat.)±35(syst.) MeV/c. If we assume the secondary hadron is π− the invariant
mass becomes 640+125

−80 (stat.)+100
−90 (syst.) MeV/c2 the decay mode is compatible therefore

with being τ− → ρ−(777)ντ whose branching ratio is about 25%. A detailed description
of the candidate event can be found in [6].

5. – Background estimation

The charmed particles have lifetimes similar to that of the tau and have similar
topologies. The finding efficiency of the decay vertices is therefore also similar to
that of tau decays. Comparing the observed charm event sample with simulation
would be a test for corresponding efficiencies and backgrounds. Table II shows the
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Table I. – Selection criteria for ντ candidate event.

Varibale Cut-off Candidate Event

Missing PT at Primary Vertex (GeV/c) < 1.0 0.57+0.32
−0.17

Angle between parent track and primary
hadronic shower in the transverse plane π

2
3.01 ± 0.03

Kink angle (mrad) > 20 41 ± 2

Daughter momentum (GeV/c) > 2 12+6
−3

Daughter PT when γ-ray
at the decay vertex (GeV/c) > 0.3 0.47+0.24

−0.12

Decay length (μm) < 2000 1335 ± 35

Table II. – The observed and expected charm topologies in the 2008–2009 sample.

Topology Observed charm events Expected charm events with background

C1 13 17.8

V2 18 16.5

C3 5 5.8

V4 3 2.1

Total 39 42.2 ± 8.3

comparison between observed charm events and expected from simulation. There is a
good agreement between them.

The main background source to all τ decay channels is constituted by charmed par-
ticle production in νμCC interactions where the primary lepton is not identified. The
charm background was evaluated using charm cross-sections measured by the CHORUS
Collaboration [7].

Table III. – Expected number of signal and background events in the 2008–2009 sample.

Decay channel Number of signal for Number of background for
4.88 × 1019 p.o.t 4.88 × 1019 p.o.t

τ → μ 0.39 0.02 ± 0.01

τ → e 0.63 0.05 ± 0.01

τ → h 0.49 0.05 ± 0.01

τ → 3h 0.15 0.04 ± 0.01

Total 1.65 0.16 ± 0.03
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The second main source of background in τ → h decay channel comes from one-prong
inelastic interactions of primary hadrons produced in νμNC interactions or in νμCC
interactions where the primary lepton is not identified and in which no nuclear fragments
can be associated with secondary interaction. This background has been evaluated with
Monte Carlo simulation based on FLUKA [8] and cross-checked with data.

6. – Conclusion

The OPERA experiment, aiming at the first detection of neutrino oscillations in direct
appearance mode where the oscillated neutrino is identified. The analysis of the 2008–
2009 data corresponding to 4.88×1019 p.o.t. intensity has been completed and a single ντ

candidate event which is compatible with the expectation was observed. All background
sources and expected number of tau events are summarized in table III. The significance
of the observation of one decay in the τ → h channel is found to be 95%. Considering all
decay channels, the number of expected signal and background events are respectively
1.65 ± 0.41 and 0.16 ± 0.03(syst.), the probability for the event to be background being
15%.

The analysis of 2010–2011 data samples is in progress.
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Summary. — The Borexino solar-neutrino detector is a high-radiopurity low-
threshold liquid scintillator that detects solar neutrinos by means of the elastic
scattering νe → νe reaction. The detector, located at the Laboratori Nazionali del
Gran Sasso (LNGS, Italy) and has now measured solar neutrinos from the 7Be, 8B
and pep components. Terrestrial neutrinos (geoneutrinos) have also been observed.

PACS 26.65.+t – Solar neutrinos.
PACS 29.40.Mc – Scintillation detectors.
PACS 14.60.Pq – Neutrino mass and mixing.

1. – Introduction

Solar-neutrino physics originally started from the study of the basic working princi-
ple of the core of the Sun, with nuclear-fusion reactions producing energy and emitting
neutrinos. The pioneering Davis experiment [1] was the first one to detect (with ra-
diochemical methods) solar neutrinos and to measure a deficit with respect to the flux
predicted by theoretical models. Additional experiments were performed starting from
the end of the 80’s both in radiochemical mode [2-4] and in real-time mode [5-7], while
theoretical models of the sun evolved into what is now known as the Standard Solar
Model [8,9]. Figure 1 shows the prediction of the flux of solar neutrinos according to the
Standard Solar Model.

In general, real-time experiments have been performed with water Cerenkov detectors
with an energy threshold of about 5 MeV, mainly due to natural radioactivity. Therefore,
only ∼ 0.001% of the total neutrino flux has been observed in real time before 2007.

Measuring low energy (sub-MeV) solar neutrinos has been the subject of an intensive
research and development program carried out in Borexino since the beginning of the 90’s.

(∗) E-mail: marco.giammarchi@mi.infn.it
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Fig. 1. – Solar-neutrino energy spectrum as predicted by the Sandard Solar Model. Typical
detection thresholds of solar-neutrino experiments are shown as well as model uncertainties on
the solar fluxes.

Borexino [10] is a real time experiment to study low-energy solar neutrinos and other
rare phenomena, based on the νe− → νe− elastic scattering reaction. The experimental
design threshold is of 50 keV while the analysis threshold is ∼ 200 keV; these values make
it possible to study solar-neutrino components such as the 0.862 MeV 7Be solar neutrino
line, generating a recoil electron with 664 keV maximum energy. The detection reaction
is observed in a large mass (100 tons) of ultrapure and well-shielded liquid scintillator.

The predictions of solar fluxes depend both on the Standard Solar Model and the value
of the parameters of the LMA solution of neutrino oscillations [11, 12]. The Borexino
experimental program makes it possible to directly test this prediction by measuring
solar neutrinos on a wide energy range.

The main challenge of an experiment with such a low energy threshold is the back-
ground coming from natural sources such as cosmic rays or radioactivity. Studies have
been made on low radioactivity materials and purification techniques with a comparable
effort devoted to detection and measurement of very low activity levels [13]. As a part
of this program, a prototype of the Borexino detector, called Counting Test Facility [14],
was built and operated at LNGS to demonstrate very low radioactive contamination lev-
els (10−16 g/g of 238U equivalent or less [15]) in a ton scale scintillator detector. This
research culminated into the construction, filling and operation of the full-scale Borexino
detector.

2. – The Borexino detector

Borexino [16] is an unsegmented scintillation detector featuring ∼ 300 tonnes of well-
shielded liquid ultrapure scintillator viewed by 2200 photomultipliers (fig. 2). The detec-
tor core is a transparent spherical vessel (Nylon Sphere, 100 μm thick), 8.5 m diameter,
filled with 300 tonnes of liquid scintillator and surrounded by 100 tonnes of high-purity
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Fig. 2. – Schematics of the Borexino detector at Gran Sasso (see text).

buffer liquid. The scintillator mixture is pseudocumene (PC) and PPO (1.5 g/l) as a fluor,
while the buffer liquid consists of PC alone (with the addition of DMP as light quencher).
The photomultipliers are supported by a Stainless Steel Sphere, which also separates the
inner part of the detector from the external shielding, provided by 2400 tonnes of pure
water (Water Buffer). An additional containment vessel (Nylon film Radon barrier) is
interposed between the Scintillator Nylon Sphere and the photomultipliers, with the goal
of reducing radon diffusion towards the internal part of the detector.

The outer water shield is instrumented with 200 outward-pointing photomultipliers
serving as a veto for penetrating muons, the only significant remaining cosmic-ray related
background at the Gran Sasso depth (about 3700 m of water equivalent). The innermost
2200 photomultipliers are divided into a set of 1800 devices equipped with light cones (so
that they collect light only from the Nylon Sphere region) and a set of 400 PMT’s without
light cones, sensitive to light originated in the whole Stainless Steel Sphere volume. This
design greatly increases the capability of the system to identify muons crossing the PC
buffer (and not the scintillator).

The Borexino design is based on the concept of a graded shield of progressively lower
intrinsic radioactivity as one approaches the sensitive volume of the detector; this cul-
minates in the use of the 200 tonnes of the low background scintillator to shield the 100
tonnes innermost Fiducial Volume. In these conditions, the ultimate background will be
dominated by the intrinsic contamination of the scintillator, while all backgrounds from
the construction materials and external shieldings will be neglible.

Borexino also features several external systems conceived to purify the experimental
fluids (water, nitrogen, scintillator) used in the experiment (see, e.g. [17]).
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Fig. 3. – The fit to the Be-7 region can be made without (left) or with (right) the statistical α/β
discrimination (left). The results of the Be-7 fits in both cases is consistent. The fit is done by
including the signal as well as the 210Bi + CNO and the 85Kr background.

3. – Borexino and solar neutrinos

The filling of the detector started in January 2007, with scintillator displacing the
purified water from inside the detector volumes. The data taking started in May 2007.

The detection reaction of Borexino, νe− → νe−, is sensitive to all neutrino flavors
while having a higher cross section for electron neutrinos. The energy deposited in the
active target produces scintillation light which is collected in the photomultipliers. The
energy of the event can be reconstructed from the detected number of photoelectrons
(∼ 500/MeV), while the position of the event is calculated from the photoelectron arrival
times. The radiopurity of the detector has been found to be better than the specifications.
In particular, 14C contamination of the scintillator was found to be ∼ 2×10−18 14C/12C,
which is important in the low-energy part of the spectrum (200 keV or less). The Th-
232 and U-238 contaminations were found to be ∼ 4.6 × 10−18 and ∼ 2 × 10−17 g/g
respectively. Finally the Kr-85 contamination (of considerable importance for the Be-7
measurement) was limited to 30 counts/day in the Fiducial Volume.

The Borexino main trigger fires when at least 30 PMT’s each detect at least a pho-
toelectron within a time window of 60 ns, corresponding approximately to an energy
threshold of 60 keV for electrons. The main cuts that are performed in the analysis are
the muon cut and the pulse-shape alpha/beta discrimination. Additional cuts involve
event quality, delayed coincidences to remove Rn daughters as well as spatial (fiducial)
cuts. In all the analyses reported below, only the general characteristics will be given,
leaving the interested reader to the full description in the relevant bibliography.

4. – The detection of the Be-7 solar neutrinos

Borexino reported the first detection of solar neutrinos [18] a few months after the
start of the data taking. The evidence was based on detecting the recoil spectrum of
the electron due to the νe− → νe− scattering. Figure 3 shows the relevant part of the
spectrum after the cuts (quality, muons, space, and Rn daughter cuts, with or without
α/β discrimination), with the presence of the 210Po quenched alpha out of equilibrium
with the other isotopes of the 222Rn sequence. The 210Po peak is effectively removed by
the pulse-shape discrimination cut and the 7Be shoulder (located at 664 keV for a neutrino
energy of 861 keV) is evident in the 560–800 keV energy region. This constituted the first
experimental evidence of the 7Be nuclear reaction inside the Sun.
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Fig. 4. – Analitically fitted spectrum of recoil electrons in the Be-7 spectral region showing
different fit components, given in units of (counts/(day 100 ton)).

During the fit procedures, the backgrounds were left as free parameters, including the
85Kr component, whose spectral shape is similar to the signal and whose uncertainty sub-
stantially contributes to the systematic error. We have verified that the 85Kr result from
the fit is consistent with the direct measurement of the 85Kr delayed coincidence rate(1).

Subsequent analyses have profited from better statistics [19] and a subsequent in-
tensive calibration campaign [20] (see below). An example of a fitted spectrum is
shown in fig. 4. Again, the Kr-85 fit results was cross-checked with the delayed co-
incidence measurement. The result obtained for the solar neutrino Be-7 rate is of
46.0 ± 1.5(stat)+1.5

−1.6(syst) counts/(day 100 ton), in agreement with the Standard So-
lar Model and the Mikheyev-Smirnov-Wolfenstein large mixing angle neutrino oscillation
mechanism.

As a part of the Borexino solar neutrino data, a study was made to look for day-night
asymmetry in the 7Be neutrino rate [21]. The presence of this effect could be indicative of
the so-called LOW region of parameters for solar-neutrino oscillations (δm2 ∼ 10−7 eV2),
which was previously strongly disfavored only the KamLAND antineutrino measurement,
thereby relying on the CPT assumption. The obtained results, of

Adn = 2
N − D

N + D
= 0.01 ± 0.012(stat) ± 0.007(syst)(1)

agrees with the MSW-LMA solution for neutrino oscillations and disagrees with the LOW
solution at more than 8.5 σ CL.

(1) The decay sequence 85Kr → 85mRb + e+ + ν̄e,
85mRb → 85Rb + γ (τ = 1.5 μs, BR = 0.43%)

was used to tag the content of Kr-85.
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Fig. 5. – 8B neutrino spectrum and remaining background after data selection. The black line
is the Monte Carlo simulation.

5. – The calibration campaign

In order to better understand the performance of the detector and minimize systematic
error on the 7Be and other measurements, during 2010 an intense calibration campaign
was performed. Sources such as 57Co, 139Ce, 203Hg, 85Sr, 54Mn, 65Zn, 60Co, and 40K
were used for gamma calibration, while 14C, 214Bi, and 214Po were used to understand
the response of the detector to β’s and α’s. Finally, an AmBe source was used for
neutrons and high-energy gammas. These studies allowed a significant reduction of the
systematic error on the determination of the Fiducial Volume and the energy scale.
Several parameters of the simulation codes (such as the light yield and the quenching
factor) could be determined with greater accuracy. External sources were also deployed
in several positions around the detector.

In addition, purification campaigns were conducted (water extraction, distillation, ni-
trogen stripping) that have significantly reduced two of the most important backgrounds,
85Kr and 210Bi.

6. – The B-8 measurement

Solar neutrinos from 8B are measured in Borexino [22] by studying the high-energy
part of the spectrum, starting from 3 MeV; this limit is imposed by the presence of the
208Tl contamination. For this analysis, muon and cosmogenic background had to be
treated with special care. 214Bi and 208Tl removal were performed together with neutron
rejection. Figure 5 shows the final spectrum obtained after the cuts. The fitted number
of 8B events, 0.22± 0.04(stat)± 0.01(syst) (counts/day 100 t) is in good agreement with
the Standard Solar Model (both high and low metallicity) and the MSW-LMA oscilaltion
mechanism for neutrinos.
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Fig. 6. – Light-yield spectrum for the positron prompt events showing the remaining background,
the nuclear reactor component and the geoneutrino signals. The conversion form p.e. to energy
is approximately 500 p.e./MeV.

7. – The observation of geoneutrinos

Geoneutrinos, electron antineutrinos produced in β decays of naturally occurring
radioactive isotopes in the Earth, are a direct probe of our planet’s interior. They
are produced in the decays of 40K and in the chains of radioactive isotopes 238U and
232Th. The detection reaction in the Borexino scintillator, ν̄e + p → e+ + n (with a
1.806 MeV threshold) makes it possible to detect only a part of the 238U and 232Th
antineutrinos. The positron in the final state comes promptly to rest in the scintillator
and annihilates by emitting two 511 keV gamma rays, giving a prompt event with a visible
energy of E(ν̄e)−0.782 MeV, while the free neutron is typically captured on protons with
a mean time of 256 μs, resulting in the emission of a 2.22 MeV de-excitation γ-ray which
provides a coincident delayed event. Background rejection was performed with special
emphasis on accidental coincidences, primary muons producing a secondary neutron and
cosmogenically-produced neutron emitters (such as 9Li or 8He).

Thanks to the high radiopurity of the Borexino scintillator, the (α, n) background
was small, so the final dominant background after cuts was the one due to European
nuclear power reactors, producing antineutrinos up to 10 MeV.

Figure 6 shows the positron spectrum remaining after the cuts, showing the contri-
bution of geo-neutrinos and reactor neutrinos. The geo-neutrino rate was found, though
a maximum-likelihhod fit, to be of 3.9+1.6

−1.3 events/100 ton y [23].

8. – The pep first observation and the CNO limit

Observation of solar neutrinos in the 1.0–1.5 MeV energy range poses a special ex-
perimental challenge. First of all, 11C background, of cosmogenic origin, is a β+ emitter
that is copiously produced even at the Gran Sasso depth (∼ 30 events/day 100 tons).
Secondly, other cosmogenic isotopes like 10C need to be considered. Thirdly, the 210Bi
contamination on the low side of the range, needs to be addressed.

This spectral energy range is of great interest for two reasons. First, the pep compo-
nent of the solar neutrino spectra —a monochromatic 1.44 MeV neutrino line— can be
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Fig. 7. – Top: energy spectra of events in the Fiducial Volume in the pep region before and
after the threefold coincidence. The solid and dashed blue lines show the data and estimated
11C rate before any veto is applied. The solid black line shows the data after the C-11 removal
procedure, whose contribution (dashed black line) has been suppressed. The rate values are
integrated over all energies and are quoted in units of counts/(day 100 ton). Bottom: residual
energy spectrum after best-fit rates of all considered backgrounds are subtracted. The recoil
spectrum from pep ν at the best fit rate is also shown.

Fig. 8. – Probability that an electron neutrino produced in the Sun will be detected as an eletron
neutrino on Earth. The gray band shows the MSW-LMA oscillation prediction.
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found in this region; this component is interesting because it occurs at the very beginning
of the pp production cycle in the Sun and is therefore well constrained by solar models.
Secondly, this range offers the possibility to look for CNO production in the Sun, which
is predicted to be ∼ 1% of the pp cycle and has never been observed before.

Similarly to the case of the B-8 analysis, 11C background was reduced by using the
threefold coincidence (between the parent muon, a spallation neutron and the 11C beta-
plus decay itself). In addition, the pulse-shape difference between e− and e+ (from 11C)
were measured in organic liquid scintillators; a small difference in the time distribution
of the scintillation signals arises in fact from the finite lifetime of the orthopositronium
(formed only by the e+) [25]. This effect was taken into account in the final fit.

Figure 7 shows the spectra before and after the final residual subtraction, with the
observation of the pep solar component [24] at 3.1 ± 0.6(stat) ± 0.3(syst) counts/(day
100 ton) which agrees with the solar models and the MSW-LMA solution. A pep-CNO
correlated analysis was made to study the robustness of the pep result; a CNO flux upper
limit was found at < 7.9 counts/(day 100 ton) at 95% CL (pep fixed at the Standard
Model value), which is the best upper limit to date.

9. – Conclusions

Borexino has measured the 7Be, pep and 8B solar-neutrino components, therefore
decisively contributing to the measurement of the survival probability of solar neutrinos.
The survival probability as a function of energy, fig. 8, clearly shows the transition
between the vacuum and the matter-dominated energy range. In addition, the detector
has measured geoneutrinos at Gran Sasso and imposed upper limits on the day-night
asymmetry of the 7Be flux and the CNO component in the Sun.

Finally, the excellent sensitivity of the Borexino detector has been exploited to study
additional low-background physics topics [26-28].
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Summary. — The recent measurements of the neutrino reactor angle require a re-
examination of flavour models based on discrete groups. Indeed, when these models
deal with the Tri-Bimaximal, the Bimaximal and the Golden Ratio mixing patterns,
some tensions arise in order to accommodate the reactor angle. In particular, strong
constraints come from lepton-flavour–violating processes, like μ → eγ. We present
the analysis and the main results.

PACS 14.60.Pq – Neutrino mass and mixing.
PACS 11.30.Hv – Flavor symmetries.
PACS 12.60.Jv – Supersymmetric models.

1. – Neutrino data and predictive mass patterns

Solar- and atmospheric-neutrino experiments have established the appearance and
the disappearance of specific flavour neutrinos, that finds the best explanation in the
oscillation of active neutrinos. Even if the issue of the presence of one or more sterile
neutrinos must still be clarified, global fits with only three oscillating active neutrinos
well reproduce the data. Nowadays, the most recent results(1) on the oscillation data
can be summarized in table I.

More recently, T2K data [1] showed evidences for a non-vanishing reactor angle at the
3σ level. Subsequently also MINOS [2] and Double Chooz [3] presented their results, in
agreement with T2K one. In the last months the Daya Bay [4] and RENO [5] experiments
have released their results on the observation of electron antineutrino disappearance,

(∗) E-mail: luca.merlo@ph.tum.de
(1) Notice that the best-fit values for the reactor angle differ for a factor of 2 in the two fits,
due to the exclusion (Fogli et al. [7]) or the inclusion (Schwetz et al. [6]) of the data from SBL
neutrino experiments with a baseline < 100 m.
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Table I. – Fits to neutrino oscillation data. For the fit of Schwetz et al. [6], different results
have been found for the two hierarchies: the IH is shown in the brackets. In both the fits, the
results correspond to the new reactor fluxes, accounting for the T2K [1] and MINOS [2] data on
the reactor angle.

Fogli et al. [7] Schwetz et al. [6]

Δm2
sun (10−5 eV2) 7.58+0.22

−0.26 7.59+0.20
−0.18

Δm2
atm (10−3 eV2) 2.35+0.12

−0.09 2.50+0.09
−0.16 [2.40+0.08

−0.09]

sin2 θ12 0.312+0.017
−0.016 0.312+0.017

−0.015

sin2 θ23 0.42+0.08
−0.03 0.52+0.06

−0.07 [0.52 ± 0.06]

sin2 θ13 0.025 ± 0.007 0.013+0.007
−0.005[0.016+0.008

−0.006]

providing at more than 5σ and 6σ, respectively, the evidence for a non-vanishing reactor
angle:

(1) sin2 θ13 = 0.024 ± 0.005 [Daya Bay] , sin2 θ13 = 0.029 ± 0.006 [RENO] .

The average of the results for the reactor angle from the cited experiments, for normal
(inverted) hierarchy, is given by

(2) sin2 θ13 = 0.022 ± 0.004 (0.023 ± 0.004) .

From the theoretical side, a great effort has been put to construct flavour models that
are able to describe and explain the experimental results. Before the new data on the
reactor angle, the attention was focussed on a particular class of mixing patterns, for their
high predictive power. In the following we will concentrate of the Tri-Bimaximal [8, 9]
(TB), the Golden Ratio [10-14] (GR) and the Bimaximal [15-18] (BM) schemes. All these
mixing schemes predict a maximal atmospheric angle and a vanishing reactor angle,

(3) sin2 θ23 =
1
2

, sin2 θ13 = 0 ,

while they differ for the prediction of the solar angle:

(4) sin2 θTB
12 =

1
3

, sin2 θGR
12 =

2
5 +

√
5
≡ 1√

5φ
, sin2 θBM

12 =
1
2

.

Considering the predicted value of the solar angle for the three mixing schemes, while
the TB and the GR patterns agree well with the data, the BM one does not at more
than 5σ. The interest in the BM pattern is mainly due to its relation with the so-
called Quark-Lepton complementarity [19-21] (QLC): the QLC consists in a numerical
relation such that the sum of the experimental values of the lepton solar angle and of
the Cabibbo angle is roughly π/4. From here the idea to revert this expression and write
θexp
12 ≈ θBM

12 − θC , where the BM prediction for the solar angle enters [22-24].
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Entering more into the details of the these predictive patterns, the unitary matrices
corresponding to the mixing angles listed in eqs. (3) and (4) are the following:

UTB =

⎛
⎝ 2/

√
6 1/

√
3 0

−1/
√

6 1/
√

3 −1/
√

2
−1/

√
6 1/

√
3 1/

√
2

⎞
⎠ , UBM =

⎛
⎝ 1/

√
2 −1/

√
2 0

1/2 1/2 −1/
√

2
1/2 1/2 1/

√
2

⎞
⎠ ,(5)

UGR =

⎛
⎝ cos θGR

12 sin θGR
12 0

sin θGR
12 /

√
2 − cos θGR

12 /
√

2 1/
√

2
sin θGR

12 /
√

2 − cos θGR
12 /

√
2 −1/

√
2

⎞
⎠ .

In all the three mixing matrices the 13 entry is zero, corresponding to a vanishing reac-
tor angle and to an undetermined Dirac CP phase. Moreover, all the entries are pure
numbers and ensure the independence of the mixing angles from the specific neutrino
spectrum: this feature is commonly linked to neutrino mass matrices that are form-
diagonalizable [25] (FD).

2. – Neutrino flavour models and the reactor angle

The predictive patterns described in the previous section have been considered as a
starting point to reproduce the experimental data. To this aim discrete non-Abelian
flavour symmetries are extremely successful and have been implemented in different ap-
proaches. In the following we will concentrate on models where the flavour symmetry
is: global, in order to avoid the presence of a new force, the corresponding gauge bosons
and their flavour violating effects [26-28] (a gauged discrete symmetry should be consid-
ered as a remnant of a gauged continuous symmetry breaking); spontaneously broken
at the high-energy, in order to prevent strong flavour-violating effects common in the
low-energy flavour breaking mechanism [29-31]; broken by a set of scalar fields, called
flavons, that transform only under the flavour symmetry, for which a well-defined vac-
uum alignment mechanism can be constructed (this is one of the main advantages with
respect to continuous symmetries [32,33]). In models that fulfill the previous description,
the Yukawa Lagrangian is usually written in terms of non-renormalizable operators [34]
suppressed by suitable powers of the cut-off scale Λf ≈ ΛL ≈ ΛGUT , where ΛL is the
scale of lepton-number–violation and ΛGUT the GUT scale:

(6) LY =
(Ye[ϕn])ij

Λn
f

ec
i H† �j +

(Yν [ϕm])ij

Λm
f

(�i H̃∗)(H̃† �j)
2ΛL

.

Here the Weinberg operators describes the neutrinos, but a completely similar Yukawa
Lagrangian can be written for the See-Saw mechanisms. When the flavour and the
electroweak symmetries are broken, the charged lepton and neutrino mass matrices are
generated. In these models, considering only the lowest-dimensional operators, the TB,
GR and BM patterns could naturally arise as the lepton mixing matrix UPMNS . Con-
sidering also the higher-dimensional operators, new contributions correct the LO PMNS
matrix and are responsible for deviations from the TB, GR and BM predicted mixing
angles.

The main ingredient that allows to recover these mixing patterns and their correc-
tions is the flavour-breaking mechanism: the flavons develop vacuum expectation values
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(VEVs) in specific directions of the flavour space, such that the starting flavour symme-
try Gf is broken down to two distinct subgroup, Gν and G� in the neutrino and charged
lepton sectors, respectively. We will indicate the set of flavons that lead to Gν (G�) as
Φν (Φ�). Gν and G� represent the low energy symmetries of the neutrino and charged
lepton mass matrices: some examples are Gν = Z2 × Z2(2) and G� = Zn, with n > 3.

Furthermore, the existence of such symmetry-breaking mechanism is usually enforced
in a supersymmetric context, even if other possibilities have been studied [39,40]: in the
following we will consider only supersymmetry flavour models.

Whether the final PMNS reproduces the experimental data depends on specific fea-
tures of the models: in the following we identify three major classes that well represent
the present situation in model building [43-45]. The GR models can be associate with
the TB ones for what concerns the results of the present analysis.

2.1. Typical A4 models for the TB mixing pattern. – For this class, we consider for
definiteness the model in refs. [39, 41, 42], but the analysis applies to a broader range of
models based on A4 (see ref. [43-45] for details) or on other symmetries (i.e. refs. [46-48]).
The neutrino and charged lepton mass matrices can be written as

(7) me = m(0)
e + δm(1)

e , mν = m(0)
ν + δm(1)

ν ,

where m
(0)
e = diag(ye, yμ, yτ ) vd η, with vd the VEV of Hd and η = 〈Φ�〉/Λf a small

parameter that breaks A4 down to G�, and m
(0)
ν is diagonalized by the TB mixing

matrix.
In a typical model, the NLO contributions to both the mass matrices correct all

the entries and are of the same order of magnitude, that we can parametrise with ξ =
〈Φ�〉/Λf ≈ 〈Φν〉/Λf , a small parameter that breaks also the subgroups G� and Gν . In
this case, the mixing angles receive deviations from the initial TB values and we can
write

(8)

sin2 θ23 =
1
2

+ Re(ce
23) ξ +

1√
3

(
Re(cν

13) −
√

2Re(cν
23)

)
ξ,

sin2 θ12 =
1
3
− 2

3
Re(ce

12 + ce
13) ξ +

2
√

2
3

Re(cν
12) ξ,

sin θ13 =
1
6

∣∣∣3√2 (ce
12 − ce

13) + 2
√

3
(√

2 cν
13 + cν

23

)∣∣∣ ξ ,

where ce,ν
ij , complex random number with absolute value of order 1, is the ij entry of

unitary matrices that diagonalize the charged lepton and neutrino mass matrices at the
NLO. Accordingly with these expressions, the success rate to reproduce all the three
mixing angles inside the corresponding 3σ ranges is maximized for ξ = 0.07 for both the
NH and IH. We analyze quantitatively the expressions in eq. (8) and their correlations in
fig. 1. The ce,ν

ij parameters are treated as complex complex numbers with absolute values
following a Gaussian distribution around 1 with variance 0.5. In the plots we show only
the NH case. The IH case is similar.

(2) In some cases, Gf it broken down to Gν = Z2, but an additional accidental Z2 symmetry
is also present in this sector [35-38].
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Fig. 1. – Typical A4 Models. sin2 θ13 as a function of sin2 θ12 (sin2 θ23) is plotted on the left
(right), following eq. (8). The vertical lines represent the 3σ values for sin2 θ12 and sin2 θ23,
following the Fogli et al. [7] fit, in blue, and the Schwetz et al. [6] fit, in red. The horizontal
lines refers to the 3σ values for sin2 θ13 as in eq. (2).

As we can see, the plots are representing the general behaviour of this class of models:
sin2 θ13 increases with ξ, but correspondingly also the deviation of sin2 θ12 from 1/3 does.
As a result, even for the value of ξ that maximizes the success rate, the requirement for
having a reactor angle inside its 3σ error range corresponds to a prediction for the solar
angle that is no more in good agreement with data.

2.2. Special A4 models for the TB mixing pattern. – There are some special models
based on the group A4 [49], in which the LO predictions for the mass matrices are the
same as in the previous section, but the corrections are not completely generic. In the
specific case of the model in ref. [49], the charged lepton mass matrix still receive generic
corrections proportional to ξ = 〈Φ�〉/Λf , but the neutrino mass matrix is corrected
only in determined directions: the unitary matrix that digitalize the final neutrino mass
matrix is given by

(9) Uν = UTB V , with V =

⎛
⎝ α 0 ξ′

0 1 0
−ξ′∗ 0 α∗

⎞
⎠ ,

where |α|2 + |ξ′|2 = 1, where ξ′ = 〈Φν〉/Λf . In this specific model ξ′ > ξ. The final
expressions for the neutrino mixing angles after the inclusion of all these corrections are
given by

sin θ13 =

∣∣∣∣∣
√

2
3

ξ′ +
ce
12 − ce

13√
2

ξ

∣∣∣∣∣ , δ ≈ arg ξ′ ,(10)

sin2 θ12 =
1
3

+
2
9
|ξ′|2 − 2

3
Re(ce

12 + ce
13) ξ ,(11)

sin2 θ23 =
1
2

+
1√
3
|ξ′| cos δ + Re(ce

23) ξ .(12)

The success rate to reproduce all the three mixing angles inside their corresponding
3σ error ranges is maximized by |ξ′| = 0.166(0.171) for the NH (IH). The parameters
have been chosen such that ξ is a real number in [0.005, 0.06] and ce

ij are random complex
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Fig. 2. – Special A4 Models. sin2 θ13 as a function of sin2 θ12 (sin2 θ23) is plotted on the left
(right), following eqs. (11) and (12). The vertical and the horizontal lines are as in fig. 1.

Fig. 3. – S4 Models. Left: sin2 θ13 as a function of sin2 θ12 is plotted, following eq. (13); right:
Correlation with sin2 θ12 with c13 = 0.

numbers with absolute values following a Gaussian distribution around 1 with variance
0.5. We analyze quantitatively the deviations in eqs. (11) and (12) and their correlations
in fig. 2: in the plots on the left (right) column, we show the correlations in eqs. (11)
and (12) between sin2 θ13 and sin2 θ12 or sin2 θ23, respectively: ξ′ is a complex number
with absolute values equal to 0.166. In the plots we show only the NH case. The IH case
is similar. For this choice of the parameters, the model can well describe all three angles
inside the corresponding 3σ interval, and its success rate is much larger than that of the
typical TB models.

2.3. S4 models for the BM mixing pattern. – For the last class, we focus on a rep-
resentative model based on the S4 discrete group [22]. In this case, m

(0)
e is still the

diagonal matrix with the charged lepton masses, but m
(0)
ν is diagonalized by the BM

mixing matrix. At the higher orders, the neutrino mass matrix preserves the same LO
flavour structure up to the NNLO level. On the contrary, the changed lepton mass ma-
trix is corrected at the NLO in all the entries, but not in the 23 and 32 ones. As a result,
the final neutrino mixing angles at the NLO are given by

(13) sin θ13 =
1√
2
|ce

12 − ce
13| ξ , sin2 θ12 =

1
2
− 1√

2
Re(ce

12+ce
13) ξ , sin2 θ23 =

1
2

.
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To properly correct the BM value of the solar angle to agree with the data, ξ is expected
to be O(λC). Studying the success rate to have all the three mixing angles inside the
corresponding 3σ ranges, we find that it is maximized for both the NH and IH when
ξ = 0.163. We analyze quantitatively the expressions in eq. (13) and their predictions
in fig. 3, where c12,13 have been taken as random complex numbers with absolute value
following a Gaussian distribution around 1 with variance 0.5, while ξ = 0.185(0.194). A
value close cos δCP close to −1 is favoured in order to maximize the success rate [43-45].
In fig. 3, only for the NH case is shown. The IH case is similar.

Considering the results for the success rates of all the three classes of models, these S4

models are strongly disfavoured with respect to the special S4 ones, while are comparable
with respect to the typical A4 models.

3. – Conclusions

Discrete symmetries can well accommodate the neutrino mixing pattern, especially
considering an approach in which the PMNS matrix is given in first approximation by the
TB, the GR or the BM patterns. With the new results on the reactor angle, however, it
appears suspicious that one of these mixing schemes could be a fundamental structure of
nature, while it is getting stronger the feeling that they are simply numerical accidents.
Indeed, the type and the size of the corrections necessary to bring these mixing patterns
in agreement with the data put severe doubts on their naturalness.

Furthermore, as discussed in a series of papers [50-55] and updated in ref. [43-45],
the analysis of lepton flavour violating transitions is fundamental to test flavour models.
In particular, with the new results on the reactor angle and the large size of the NLO
corrections, the bounds on the supersymmetric parameters space coming from the �i →
�jγ decays are strong, even for small tan β, and if light supersymmetric particles are
found then these models are disfavoured. Moreover, it appears impossible to satisfy the
MEG bound and, at the same time, to reproduce the muon g − 2 discrepancy.

Even though the huge effort of these years in constructing flavour models to describe
masses and mixings for the neutrinos, and more in general for all the fermions, it is dis-
couraging that no illuminating strategy arise form this scenario. On the other hand, this
is partially related to the large uncertainties still present in the flavour sector. The hope
is that with a better determination of the lepton mixing angles and with the knowledge
of the CP phases, the neutrino mass scale, the type of the neutrino nature and spectrum,
it will be finally possible to shed light on the origin of the fermion masses and mixings.
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Summary. — The search for neutrinoless double-beta decay (0νββ) is presently
the only feasible way to approach the fundamental question regarding the Majorana
or Dirac nature of the neutrino. The observation of 0νββ would be the proof that
the neutrino is a Majorana particle, i.e. that it is its own antiparticle. The mea-
surement of the half-life of 0νββ would give direct access to a determination of the
effective Majorana mass of the neutrino. The Germanium Detector Array (GERDA)
experiment at the LNGS underground laboratories uses high-purity germanium de-
tectors to search for 0νββ of 76Ge. The experiment started Phase I in November
2011, using 15 kg of enriched germanium crystals with the goal of a background
index of 10−2 counts/(keV·kg·y). A second, later phase will double the mass of the
enriched detectors and aim at a background at the level of 10−3 counts/(keV·kg·y).
This contribution presents the status of the GERDA Phase I data taking. A short
outlook is given on the ongoing preparations for Phase II.

PACS 14.60.Pq – Neutrinos mass and mixing.
PACS 14.60.St – Nonstandard model neutrinos, right-handed neutrinos, etc.
PACS 29.40.Wk – Solid-state detectors.

1. – Neutrinoless double-beta decay

Oscillation measurements have established that the neutrinos are massive particles.
The two squared mass differences have been measured, one in absolute value, one also in
sign. There are, however, still many open questions: Is the neutrino a Majorana particle,
that is its own antiparticle? Is the neutrino mass hierarchy normal or inverted? What is
the absolute neutrino mass scale?

The only practical way to experimentally test the nature of the neutrino is the search
for neutrinoless double-beta decay (0νββ). The observation of this process would be the
proof that the neutrino has at least a Majorana component with a non-zero mass [1].

(∗) E-mail: sabine.hemmer@pd.infn.it
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Neutrino-accompanied double-beta decay (2νββ) has been observed for several nuclei [2]
that cannot decay via single beta decay. In this standard-model allowed decay, the nu-
cleus undergoes double-beta decay under emission of two electrons and two antineutrinos
νe. Due to the presence of the νe, the combined energy spectrum of the two electrons
is continuous. If neutrinos are Majorana particles, the νe emitted in one beta decay can
be absorbed in the other, leading to 0νββ. This process is not allowed by the Standard
Model and the lepton number is violated by two units. Since all energy released in the
decay is carried by the outgoing electrons, the experimental signature is a sharp peak at
the Q-value of the decay, Qββ , in their combined energy spectrum. From the half-life
T1/2 of 0νββ the effective Majorana mass, 〈mββ〉, can be deduced:

T−1
1/2 = G0ν(Qββ , Z) · |M0ν |2 · 〈mββ〉2,

〈mββ〉 =
∣∣∣∣

3∑
i=1

Uei

2 mi

∣∣∣∣ ,

where the Uei
are the electron-neutrino elements from the mixing matrix, mi are the

neutrino mass eigenvalues, G0ν(Qββ , Z) is the phase-space factor of the decay of a nucleus
with atomic number Z and Q-value Qββ , and |M0ν |2 is the nuclear matrix element.
Assuming the neutrino exchange to be the dominant mechanism of the process it provides
also information on the absolute mass scale.

2. – Search for 0νββ in 76Ge

If it exists, 0νββ is an extremely rare process. If the number of signal events, NS , is
larger than the standard fluctuation expected for the number of background events, Nb,
the sensitivity S on T1/2 of an experiment scales as

S ∼ ε · a ·
√

M · t
b · ΔE

,

where ε is the detection efficiency, a the abundance of the 2νββ isotope, M the detector
mass, t the measurement time, b = Nb/(M · t · ΔE) the background index, and ΔE the
energy region of interest, ROI, which scales with the resolution of the detector. From
this, the requirements on the experiment can be deduced: large ε, good energy resolution,
small b, long t, and large a · M .

These demands make germanium detectors an attractive option for the search for
0νββ. Since 76Ge is an isotope that undergoes double-beta decay, the detector is also
the source. Germanium can be produced very radio-pure, guaranteeing a small intrinsic
b and the typical energy resolution is of the order of (0.1–0.2)%.

There are also some disadvantages, though. The Q-value of 76Ge is only 2039 keV,
and thus the external b is rather large. In addition, a of 76Ge in natural germanium is
only 7.8%, so that costly enrichment is needed.

Table I shows the exposure, b, and the derived lower limits on T1/2 for two former
experiments that deployed germanium detectors to search for 0νββ, the Heidelberg-
Mowscow (HdM) experiment [3], and the IGEX experiment [4].

The corresponding upper limits on 〈mββ〉 are of the order of 0.1 to 1 eV. The large
uncertainties on 〈mββ〉 are due to the uncertainties in the calculation of |M0ν |2 [5].
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Table I. – Previous 76Ge experiments.

HdM IGEX

Exposure [kg·y] 71.1 8.9

b [counts/(keV·kg·y)] 0.11 0.17

T1/2 limit (90% CL) [y] 1.9 · 1025 1.6 · 1025

Reference [3] [4]

There has been the claim of a signal by a part of the HdM collaboration [6] with
T1/2 = (0.69–4.18) · 1025 y (3σ range), corresponding to 〈mββ〉 = (0.24–0.58) eV.

3. – The GERDA experiment

3.1. The experiment . – GERDA is an experiment [7] designed for the search for 0νββ
of 76Ge. GERDA will be operated in two phases. In the first phase, germanium detectors
from the IGEX and HdM experiments are reused. There are about 15 kg of germanium
detectors which have been enriched in 76Ge to a level of about 86% and an additional
15 kg of natural germanium detectors. The design goal for the background index is
of the order of 10−2 counts/(keV·kg·y). An exposure of 15 kg·y will allow to reach
〈mββ〉 ≤ (0.23–0.39) eV [5] and thus to check the signal claim. In the second phase, an
additional 20 kg of new enriched germanium detectors will be added and the background
will be further reduced down to 10−3 counts/keV·kg·y. With an exposure of 100 kg·y,
it will be possible to measure half-lives of the order of 1.5 · 1026 y, corresponding to
measuring 〈mββ〉 down to (0.09–0.15) eV [5].

The sensitivity of the GERDA experiment is limited by the background. A large con-
tribution to the background comes from cosmic radiation. To avoid it, the experiment
was built in the INFN Gran Sasso underground laboratories. The overlaying rock pro-
vides in average 3400 m of water equivalent shielding, suppressing the cosmic-ray muon
flux by a factor 106 (1 muon/(m2·h)).

The environmental background component is reduced by graded shielding: The ger-
manium detectors are submerged in a stainless-steel cryostat with a diameter of 4.2 m,
filled with 64 m3 of liquid Argon (LAr). Material close to the detectors is minimized: the
bare germanium detectors are directly submerged in the LAr, using minimal support and
cabling. Figure 1a shows a string with three Phase I detectors in their low-mass holders.
The cryostat is surrounded by a water tank with a diameter of 10 m and a height of 9 m,
containing 580 m3 of ultra-pure water. The water serves as shielding for photons and
spallation neutrons from outside the water tank. The water tank is equipped with pho-
tomultiplier tubes to detect the C̆erenkov light of remaining cosmic muons. All materials
used to build the experiment were screened to guarantee their radio-purity. On top of
the water tank, a class 10 000 clean room is located and the detector strings are inserted
into the cryoliquid through a lock system. The exposure for the detectors above ground
is avoided as far as possible to reduce cosmogenic activation to a minimum. A sketch of
the GERDA experiment is depicted in fig. 1b.

Several techniques have been developed to reject remaining background events. In
general, background events have a different topology than 0νββ events. Most 0νββ
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(a) (b) (c)

Fig. 1. – (a) A detector string. (b) A sketch of the GERDA experiment. (c) The mini-shrouds.

events will deposit their energy locally within a sphere with a radius of ≤ 1 mm due to
the limited range of electrons in germanium. These are so-called single-site events. The
main background contribution comes from Compton-scattered photons. Their energy
deposits are usually separated by centimeters, producing so-called multi-site events. It is
therefore very unlikely that more than one detector in the array has an energy deposit in
the case of a signal event. So, an anticoincidence cut between different detectors allows
for further reduction of the background.

Background events can additionally be reduced using pulse shape analysis (PSA) [8,9].
In this case, the pulses generated by the detectors in response to the energy depositions
are analyzed. This allows to distinguish between different event topologies and thus to
discard background events.

3.2. Phase I data taking . – In November 2011, the first phase of the GERDA exper-
iment started. All eight enriched germanium detectors (five from the HdM experiment
and three from the IGEX experiment) with a total mass of 14.6 kg and three natural
germanium detectors with a total mass of 7.6 kg were deployed in GERDA. Due to insta-
bilities and high leakage currents, two of the enriched detectors are not used for analysis.

The energy spectra for the enriched and natural detectors with a lifetime of 95 days
are shown in fig. 2a and fig. 2b, respectively. The exposures are 3.80 kg·y and 1.97 kg·y.
The contribution from 2νββ dominates the spectrum between 400 and 1400 keV for the
enriched detectors.

In the energy region below 500 keV, the spectrum is dominated by the decays of 39Ar.
Since 39Ar is a pure beta emitter with a Q-value of 565 keV, these decays do not add any
background in the ROI around 2039 keV.

Another background that is easily distinguishable in the spectra is a line at 1525 keV.
The spectrum around this energy is depicted in fig. 3a. The line can be attributed to
decays of 42Ar to 42K (Q-value = 600 keV) and the subsequent decays to 42Ca [10]. In
82% of the cases, 42K decays directly to the 42Ca ground state. In the other 18% of
the cases, 42K decays to an excited level of 42Ca which de-excites under emission of
a 1524.7 keV photon, explaining the line in the GERDA energy spectrum. The Q-value
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(a) (b)

Fig. 2. – (a) The energy spectrum of the enriched germanium detectors. (b) The energy spectrum
of the natural germanium detectors. The lifetime is 95 d, corresponding to an exposure of
3.80 kg·y and 1.97 kg·y, respectively.

of the decay of 42K is 3525.4 keV, well above the ROI. The electron which is released in
the decay can deposit energy in one of the germanium detectors. Since it loses energy
in the LAr as well as in the deadlayer of the detector, the energy deposited in the active
volume of the detector can be close to the Q-value of 0νββ. Thus, the decays of 42K add
background in the ROI. During the commissioning of GERDA it was found that the line
strength at 1525 keV was significantly higher than expected from previous limits [11].
It could be considerably reduced by putting the detectors in a field-free configuration,
that is by avoiding electrical fields in their proximity. This minimizes the attraction
of positively charged 42K ions to the detector vicinity. The field-free configuration was
achieved by closing the electrical field lines originating from the voltage-biased surfaces
of the detectors on a thin copper layer closely surrounding each detector string. These so-

(a) (b)

Fig. 3. – (a) The energy spectrum of the enriched germanium detectors around 1525 keV in the
field-free configuration. The peak at 1460 keV can be accounted to 40K background decays. (Its
two decay modes have Q-values of 1311 keV and 1504 keV, respectively, and therefore cannot
contribute to the background in the ROI.) (b) The energy spectrum of the enriched detectors
around the ROI. The lifetime is 95 d, corresponding to an exposure of 3.80 kg·y.
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Fig. 4. – Comparison of the energy spectrum of the enriched detectors with MC. The single
contributions are from 42K (black dotted line), 40K (black dashed line), 39Ar (grey dotted line)
and 2νββ of 76Ge (grey continuous line). The black squares are the data for an exposure of
3.80 kg·y (lifetime = 95 d). They are well reproduced by the sum of all MC contributions shown
with the black continuous line.

called mini-shrouds can be seen in fig. 1c. Nevertheless, also in the field-free configuration
the count rate at 1525 keV remains approximately two times the expectation. The subject
is still under investigation.

To quantify the background in the ROI, the events are counted that have an energy
deposit in only one detector and no signal from the muon veto and that fall in the 200 keV
energy window centered at 2039 keV, the Q-value of 0νββ. No information about the
events in the region between 2019 keV and 2059 keV is available since this region is subject
to blinding. From the number of events in the ROI and excluding the blinded window,
the background index is determined. It is 0.017+0.009

−0.005 counts/(keV·kg·y) for the enriched
detectors, using the first GERDA runs with an exposure of 3.80 kg·y. For the natural
germanium detectors it is 0.049+0.015

−0.013 counts/(keV·kg·y) with an exposure of 1.97 kg·y.
The energy spectrum around the ROI for the enriched detectors is depicted in fig. 3b.

The background is most likely a combination of several contributions: photons and de-
graded α’s from decays of isotopes present in the 232Th- and 238U-chains, 42K beta decays,
and decays of cosmogenic isotopes like 60Co and 68Ge. The achieved background index
for the enriched detectors is slightly higher than the design goal of 10−2 counts/keV·kg·y.
It is, however, a factor ten smaller than that of the previous experiments mentioned in
sect. 2. Also note that no pulse shape analysis has been applied yet.

Figure 4 shows a comparison of the data energy spectrum of the enriched detectors
with Monte Carlo simulations (MC) of the various contributions in the energy region up
to 1700 keV. The contributions that are considered are the following:
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(a) (b)

Fig. 5. – (a) Sketch of a BEGe detector. (b) The energy spectrum of a 228Th source before (red)
and after (black) PSA. Both graphics were taken from ref. [14].

– 42K: The decays were simulated homogeneously distributed in the LAr surrounding
the detectors. The peak at 1525 keV was used to normalize the MC.

– 40K: The decays were simulated in the detector holders and normalized using the
peak at 1460 keV.

– 39Ar: The decays were simulated homogenously distributed in the LAr surrounding
the detectors. The specific activity used to normalize the MC was taken from
ref. [12].

– 76Ge: To normalize the MC of 2νββ to the data, the result for T1/2 from HdM [13]
was used.

All contributions were simply added up without performing a fit. They describe the data
very well.

3.3. Phase II preparations. – For the second phase of the GERDA experiment about
20 kg of additional enriched germanium detectors will be deployed. To achieve the goal of
a background index of 10−3 counts/(keV·kg·y), it is crucial to fully exploit the potential
of PSA. Therefore, so-called broad-energy germanium (BEGe) detectors will be used.
These p-type germanium detectors have an n+-contact covering the whole outer surface
and a small p+-contact on the bottom. A sketch of such a detector can be seen in fig. 5a.

Thanks to their geometry, BEGe detectors allow for an excellent PSA performance
which can be exploited to reduce the background [14]. In fig. 5b an example of an
energy spectrum of a 228Th source measured with a BEGe detector is shown. The
double-escape peak (DEP) events at 1593 keV are mainly single-site events and have
thus a topology which is very similar to the 0νββ signal events. The peak at 1621 keV
originates predominantly from Compton-scattered photons and thus contains mainly
multi-site events. With PSA, this background peak can be reduced to about 10% of its
original height, while 90% of the signal-like events in the DEP remain [14]. This powerful
tool will be a decisive factor for reaching the Phase II background goal.

Seven of the new enriched BEGe detectors have already been produced and are cur-
rently being tested in the HADES underground laboratory in Mol, Belgium.

Another ongoing effort regarding the preparations for the second phase of the GERDA
experiment is the possibility to read out scintillation light from LAr. As LAr is a scintilla-
tor material, particles crossing this medium can be detected by detecting the scintillation
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light they produce. This is a very effective method to significantly reduce the external
background contribution. The LArGe [15] test facility at the Gran Sasso laboratories
was built to investigate this strategy.

4. – Conclusions

The observation of 0νββ is at present the only experimentally feasible way to test the
Majorana-nature of the neutrino. Previous experiments have set limits on the half-life of
this decay on the order of 1025 y and a claim of evidence has been made by a subgroup
of the HdM experiment.

GERDA is a new-generation 0νββ experiment. In a first phase, the claim will be
checked. In a second phase, limits on the half-life of the order of 1.5 · 1026 y will be
reached.

The experiment started Phase I data taking in November 2011. A background mea-
surement based on the first data taken with enriched detectors with an exposure of
3.80 kg·y gives a background index of 0.017+0.009

−0.005 counts/(keV·kg·y), very close to the
design goal of 10−2 counts/(keV·kg·y). The experiment is running smoothly and first
results on 2νββ are expected very soon.
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Summary. — Double Chooz is an electron antineutrino disappearance experiment
observing neutrinos originating from the Chooz nuclear power plant and interacting
in our detector. The flux of electron anti-neutrinos is altered through neutrino
oscillations and thereby allows to measure Θ13. The Double Chooz Collaboration
published first results on its search for the neutrino mixing angle Θ13 in 2011. The
current analysis comprises about 100 days of data taken since April 2011. Performing
a so-called rate+shape analysis, a best-fit value for sin2 2Θ13 = 0.086 is reported
with uncertainties of ±0.041 (stat) ±0.030 (syst) using Δm2

13 = 2.4 ·10−3 eV2. This
article provides details about the analysis that lead to this result.

PACS 14.60.Pq – Neutrino mass and mixing.
PACS 13.15.+g – Neutrino interactions.
PACS 25.30.Pt – Neutrino-induced reactions.
PACS 95.55.Vj – Neutrino, muon, pion, and other elementary particle detectors;
cosmic ray detectors.

1. – Introduction

Neutrino oscillations are by now a well-established model to explain experimental data
from a wide variety of experiments. Be it solar- or atmospheric-neutrino experiments or
experiments observing man made neutrinos from dedicated beams or reactors. Neutrino
oscillations originate from the fact that neutrino flavour eigenstates are different from
mass eigenstates. The flavour eigenstates are related to the mass eigenstates through the
so-called PMNS(1) mixing matrix which can be parameterized by three mixing angles
Θ12, Θ23, Θ13 and a CP -violating phase δ. Additionally, neutrino oscillations require
non-zero differences of neutrino masses squared: Δm2

13 and Δm2
23. Two of the three

mixing angles are found to be large or even close to maximal whereas until recently
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only upper limits existed for the third mixing angle Θ13. δ-CP is hardly constrained by
experimental data. This was still the situation at the beginning of 2011. Then indications
for a finite Θ13 were reported by both the MINOS and T2K experiments in the νμ → νe

appearance channel [1, 2].
End of 2011 Double Chooz was the first of a second generation of reactor antineutrino

experiments to report its results in the search of Θ13 [3]. In early 2012 both the Daya Bay
and RENO reactor antineutrino experiments found similar best fit results for sin2 2Θ13

with higher significance [4,5]. A finite Θ13 opens the possibility to measure CP violation
in the neutrino sector and the mass hierarchy in the near future.

2. – Oscillation probability

The survival probability Pνe→νe
for electron antineutrino is

(1) Pνe→νe
(L,E) = 1 − sin2(2Θ13) sin2

(
1.27Δm2

13[eV
2]

L[m]
E[MeV ]

)
,

in the approximation of small L
E , with L being the distance between reactor and detector

and E is the energy of the antineutrino νe. As the neutrino energy spectrum coming from
the reactor is known to have its maximum at around 3 MeV and Δm2

13 = 2.4 · 10−3 eV2,
one can calculate from formula (1) that a detector, located at 1.05 km from the two
reactor cores is close to the oscillation maximum and is thereby sensitive to Θ13.

3. – The Double Chooz detector

3.1. Two-detectors concept . – The current generation of reactor neutrino experiments
all adopt a two or multi detector concept in order to reduce systematic uncertainties. In
case of Double Chooz the Near Detector will be placed at 410 m distance from the two
reactor cores and the Far Detector is located at 1.05 km from the antineutrino source.

While the neutrino flux and spectrum at the Far Detector is altered through neutrino
oscillations, namely by Δm2

13 and Θ13, the Near Detector observes an almost unoscillated
spectrum regardless of the actual value of Θ13 and so the ratio of the Far and Near
Detector spectrum allow to extract Θ13. Systematic uncertainties in the antineutrino
flux coming from the reactors cancel. Absolute systematic uncertainties in the estimation
of backgrounds, efficiencies or in the detector response reduce, so that only relative
uncertainties remain. These relative uncertainties are substantially smaller than the
absolute uncertainties.

Since the Near Detector is still under construction, for the current analysis only data
of the Far Detector has been used and the analysis has been performed by comparing a
measured neutrino spectrum to a predicted spectrum, which was calculated from reactor
data and propagated through a detailed Monte Carlo (MC) simulation of the detector.
The Monte Carlo simulation of the detector is based on GEANT4 [6] and has been
tuned using calibration data. Many of the systematic uncertainties are estimated from
remaining discrepancies between data and MC simulations.

3.2. Detection principle. – The electron anti-neutrinos are detected via the Inverse
Beta Decay (IBD) interaction on proton: ν̄e + p → n + e+ (Ethreshold = 1.8 MeV).
The positron, which receives basically all the kinetic energy of the neutrino (minus the
threshold energy), deposits its energy in the scintillator and eventually annihilates with
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Fig. 1. – The Double Chooz detector design.

an electron. This prompt signal is followed by a delayed signal from the capture of the
neutron on hydrogen or gadolinium (Gd). While the prompt signal of the positron can
be considered instantaneous, the neutron capture has a time constant of about 30μs.

3.3. The Far Detector . – Figure 1 shows the composition of the Far Detector. In the
center there is the ν-Target (Region I) consisting of 10.3 m3 of gadolinium-loaded liquid
scintillator at 1 g/l Gd-loading [7]. It is contained in a 8 mm thick cylindrical acrylic vessel
and forms the fiducial volume for the search for Θ13. The Target volume is surrounded
by more than 22 m3 of the so-called γ-catcher (GC) enclosed in a second acrylic vessel
of 12 mm thickness (Region II). Gammas originating from the prompt and delayed event
of a neutrino interaction in the Target, travel macroscopic distances while loosing their
energy. The γ-catcher ensures a complete deposition of the gammas’ energies and helps
to reduce systematic uncertainties on the neutrino detection efficiency.

The next volume contains 114 m3 of non-scintillating buffer liquid in a 3 mm thick
stainless steel vessel (Region III). The Buffer volume decreases the background rates both
in the prompt and delayed event originating in the ambient rock or residual radioactivity
of the PMT glass. At the inner wall of the Buffer volume 390 10′′ PMTs are mounted
providing a coverage of about 13% [8, 9]. Finally, there is a 0.5 m thick stainless steel
vessel, filled with organic liquid scintillator based on LAB (linear alkyl benzene), the so-
called Inner Veto (Region IV). Muons and muon-induced particles entering the detector
from outside produce light in the scintillator, which is then detected by 78 8′′ PMTs. The
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cylindrical Inner Veto vessel has a diameter of 6.5 m and a height of about 7 m, which
corresponds to 90 m3 of active muon veto. Outside the Inner Veto there are 15 cm of steel
as an additional shielding to reduce background due to external gammas coming from the
surrounding rock. The PMT signals are readout by 500 MHz flash-ADC hardware. The
Trigger System is custom made, it forms trigger signals mainly based on the integrated
charge information. Together they form a deadtime free data acquisition system [10].

On top of the cylindrical detector (Regions I-IV) a plastic scintillator strip detector
serves as an additional Muon tracker, the so-called Outer Veto (Region V). It is superior
in its vertex reconstruction capabilities compared to the Inner Veto and extends beyond
the edges of it and thereby allows to veto muons, that would otherwise go undetected.
The Outer Veto will help to understand and reduce the uncertainties due to muon induced
backgrounds. As it has been installed slightly later than the main detector, the Outer
Veto data has not been used in this analysis yet, but will be in the upcoming analysis
upgrades.

4. – Calibration

Double Chooz uses the total sum of photo electrons (PE) as estimator for the de-
posited energy of a given event. The PEs per PMT are calculated from the charge
collected in a given Inner Detector PMT, which is then multiplied by a gain factor, that
has been determined from single PEs recorded with dedicated LED, that are permanently
installed in the Inner Detector. The sum of PEs is calibrated with the hydrogen capture
peak of the neutron source 252Cf in the Target center, corresponding to 2.223 MeV. The
corresponding calibration factor is about 200 PE/MeV. 252Cf and γ-sources (137Cs, 68Ge
and 60Co), deployed at the Target center, have been used to study the non-linearity in
energy response. A function has been determined to correct for remaining differences
between data and MC, and is applied to MC on a per event basis. The same calibration
sources have been deployed also at various positions in the ν-Target and in the γ-Catcher
to study and correct for the variation of the detector response with position. In a similar
fashion as for the non-linearity correction function, a position correction function has
been determined and is also applied to the Monte Carlo data sets.

The LEDs are used to inject light into the detector on a regular basis (daily and
weekly) and so this data set is used to monitor the stability of the detector response
over time. The stability vs. time is also monitored using Spallation Neutrons capturing
on H and Gd, signals induced by ambient radioactivity and Gd-captures of IBD events,
see fig. 2. The stability is within 1% and in particular no degradation of the Target
scintillator vs. time has been found.

5. – Neutrino Selection

Neutrino candidates are selected as a coincidence of a prompt energy deposition
Eprompt between 0.7 and 12.2 MeV, followed by a delayed energy deposition Edelayed

between 6 and 12 MeV within a time difference Δt between prompt and delayed of
[2, 100] μs. In order to avoid events from accidentally light emitting PMT bases the
following cuts are applied: Qmax/Qtot < 0.09 (0.06) for the prompt (delayed) energy
and rms(Tstart) < 40 ns, where Qmax is the charge seen by the PMT with maximum
charge, Qtot is the total charge of all PMTs and rms(Tstart) is the standard deviation of
the distribution of arrival times of pulses per PMT (and event).
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Fig. 2. – Gd peak position of IBD events vs. time since start of data taking (April 2011). Stability
within 1% is found and in particular no degradation of the scintillators is observed [3].

To avoid neutrino-like coincidences originating from muon induced secondaries a 1 ms
veto is applied after each muon interacting in the Inner Veto or Inner Detector, which
results in an after muon deadtime of 4.5%. The following multiplicity cut is applied to
avoid correlated background: There may not be any Trigger 100μs before and 400 μs
after the prompt energy deposition of a coincidence.

6. – Reactor prediction

The predicted number of electron anti-neutrinos interacting in the detector is propor-
tional to the thermal power of each reactor core Pth(t), the average energy released per
fission 〈Ef 〉 and the mean cross-section per fission 〈σf 〉:

(2) Npred
ν (E, t) =

Npε

4πL2
· Pth(t)

〈Ef 〉
· 〈σf 〉,

where Np is the proton number in the ν-Target, ε is the neutrino detection efficiency
and L is the distance from reactor to detector. The relative fraction of the isotopes
235U, 239Pu, 238U, 241Pu in the total fuel content enters both in 〈Ef 〉 and 〈σf 〉. Since
the composition of the cores change with time (“burn-up”), 〈Ef 〉 and 〈σf 〉 are time
dependent as well. Detailed simulations of the core evolution have been undertaken with
two independent codes, MURE [11] and DRAGON [12] and the fission rates have been
calculated. For the mean cross-section per fission improved spectra from [13] are used,
while the normalisation is taken from the Bugey-4 measurement [14], with a correction
to the composition of the Chooz reactors. Overall the systematic uncertainties related
to the reactor amount to 1.8%.

7. – Backgrounds

The following classes of background can induce neutrino-like coincidences at the order
of a few neutrino candidates per day in total.

There is accidental background at a rate of 0.33± 0.03 day−1, where the prompt and
delayed energy depositions are not causally linked. The prompt stems from remaining



88 B. REINHOLD for the DOUBLE CHOOZ COLLABORATION

radioactivity in the scintillator, PMTs or from the ambient rock, the delayed is a neutron-
like energy deposition. The accidental background can be estimated using the off-time
technique, in which the coincidence time window between prompt and delayed is shifted
in time.

Three classes of correlated background are distinguished: 9Li, Fast Neutrons and
Stopping Muons. Some decay branches of 9Li are β-n emitters, which can mimic IBD
candidates(2). Due to the long halflife (178 ms) of 9Li it is hard to veto, given a muon
rate of 46 Bq in the Inner Veto. As the 9Li is being produced mainly during high-
energy depositions, the 9Li rate is studied using neutrino like coincidences following an
energy deposition > 600 MeV. The resulting Δtμ distribution is fitted with a constant
+ exponential, using the 9Li halflife as time constant. Varying the muon energy cut
to lower values provides an estimate of the central value and the uncertainty of the 9Li
rate: 2.3±1.2 events/day. A shape uncertainty of 20% is coming from a MC study using
variations in decay branches of 9Li.

Fast Neutrons are also muon-induced background, where the prompt event is mim-
icked by recoil protons while the neutron is thermalizing in the γ-Catcher and Target
and eventually capturing on Gd, which then forms the delayed event. Such a coincidence
only is contributing to the neutrino candidates, if the muon does not pass through the
Inner Veto. The rate and shape of the fast neutrons is estimated by applying the neu-
trino selection cuts, but expanding the prompt energy window from [0.7, 12.2] MeV up
to 30 MeV. Above 12 MeV one has a background only data sample, which sets the nor-
malisation of the Fast Neutrons. The prompt energy spectrum of Fast Neutrons is taken
as flat across the whole energy spectrum, including [0.7, 12.2] MeV. The extrapolation of
the spectral shape into the neutrino energy region has been validated using a subclass
of Fast Neutron candidates, which also leave a signal in the Inner Veto and therefore
allow to tag them as background even below 12 MeV. The sample of Fast Neutrons also
contains a set of stopping muons, that enter the detector through the chimney region
at the top of the detector. The fast neutrons (+ stopping muon component) have an
estimated rate of 0.83 ± 0.38 d−1.

The overall background rate from accidentals, fast neutrons + stopping muons and 9Li
adds up to 3.46± 1.26 d−1. During one day in October 2011 both reactor cores were off,
which allowed to perform a background-only measurement. Two neutrino-like candidates
have been found, which is in good agreement with the overall background rate.

The signal to background ratio of better than 11 is illustrated in fig. 3: the selected
neutrino rate contains both signal and background and still follows nicely the neutrino
rate predicted from the reactor power. For the 100 days of data 4121 neutrino candidates
have been selected. Taking into account for the after muon deadtime a rate of 42.6± 0.7
neutrinos/day is observed.

8. – Efficiencies

The Trigger Efficiency above 0.7 MeV is 100+0
−0.4%. The Neutron detection efficiency

has been estimated with 252Cf and comprises the cut efficiency of the delayed energy
cut at 6 MeV (94.5% in data), the fraction of neutron captures on Gd (86.0%) and

(2) Actually this type of background contains also a fraction of 8He, which cannot be disentan-
gled from 9Li due to the low statistics and similar decay characteristics. For brevity only 9Li is
quoted below.
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Fig. 3. – Selected and predicted neutrino rate per day vs. days since start of data taking. The
predicted neutrino rate is calculated from the reactor data, the selected neutrino rate includes
background events.

the efficiency of the ΔTe+n cut (96.5%). Uncertainties of the detection efficiency are
estimated from remaining differences between data and MC and summarized in table I.
A normalisation correction is applied to account for a net “Spill-In” current of 1.4%.

9. – Θ13 analysis

Θ13 is extracted using a χ2 analysis. A “Rate-Only” (1 energy bin) and a
“Rate+Shape” analysis using 17 energy bins between 0.7 and 12.2 MeV have been un-
dertaken. In order to account for bin-to-bin correlations, four covariance matrices are
used to include uncertainties from reactor, statistics, detector and background spectral
shape. Both analyses give consistent results, with the “Rate+Shape” analysis being most
sensitive to Θ13. Our best fit result is sin2(2Θ13) = 0.086 ± 0.041 (stat) ±0.030 (syst)
with χ2/n.d.f. = 23.7/17. A summary of systematic uncertainties w.r.t. the signal is
given in table I. Observed and predicted positron energy spectra for no oscillation and
the best fit are shown in fig. 4.

Using a frequentist analysis, the no oscillation hypothesis is ruled out at the 94.6%
CL, which can be interpreted as an indication of non-zero Θ13. A combined analysis with
the T2K and MINOS accelerator experimental results on θ13 excludes θ13 being equal at
more than 3σ.

Table I. – Systematic uncertainties on the absolute normalisation of the signal due to the
detector, the reactor and backgrounds as well as the statistical uncertainty are summarized below.

Detector 2.1% Reactor 1.8%

- Energy response 1.7% - Bugey4 measurement 1.4%
- Edelay containment 0.6% - Fuel composition 0.9%
- Gd Fraction 0.6% - Thermal power 0.5%
- ΔTe+n 0.5% - Reference spectra 0.5%
- Spill in/out 0.4% - Energy per fission 0.2%
- Trigger efficiency 0.4% - IBD cross-section 0.2%
- Target H 0.3% - Baseline 0.2%

Statistics 1.6% Backgrounds 3.0%
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Fig. 4. – Observed (black dots) and predicted positron energy spectrum for the no-oscillation
case (blue dotted line) and for the best fit value of sin2 2Θ13 (red line). The backgrounds
are shown in green and the individual contributions (accidentals, 9Li, Fast-n+ stopping μ) are
shown in the inset. At the bottom the difference between data and the predicted no-oscillation
spectrum is shown.

10. – Conclusions and outlook

A first analysis searching for Θ13 has been performed using data taken since April
13th, 2011. Approximately 100 days of data give a best fit of sin2(2Θ13) = 0.086± 0.051
from a fit of a rate deficit and taking into account the prompt spectrum’s spectral shape
information. An indication of non-zero Θ13 is found.

Analysis improvements are already underway and the Double Chooz Near Detector
will be operational soon to lead to an estimated 1σ precision of sin2(2Θ13) ∼ 0.02.
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Summary. — This is a review of current bounds on Lepton Flavour Violation
(LFV), and some discussion of what could be learned about New Physics from an
observation of LFV. There are no model predictions (see, for instance, T. Feldmann,
PoS BEAUTY 2011 (2011) 017; P. Paradisi, PoS HQL 2010 (2010) 052; G. F.
Giudice and O. Lebedev, Nucl. Phys. Proc. Suppl. 217 (2011) 318).

PACS 11.30.Hv – Flavor symmetries.
PACS 12.60.-i – Models beyond the standard model.
PACS 14.60.-z – Leptons.

For the purposes of this review, a lepton is a Standard Model fermion without strong
interactions, such as the electron or its neutrino. Lepton flavour, or generation, is a
quantum number distinguishing the three copies e, μ, and τ of a massive electrically
charged lepton plus its neutrino. Finally, Lepton Flavour Violation (LFV), is a flavour-
changing point interaction of charged leptons. By this definition, LFV is equivalent to
a Flavour-Changing Neutral Current (FCNC) contact interaction among the charged
leptons, such as τ → μγ. Neutrino oscillations do not qualify.

The relation of LFV to New Physics, is fundamentally different from the relation
between quark flavour and New Physics (NP). In the Standard Model, neutrinos are
massless, and lepton flavour is conserved. So the observation of LFV is a signal of
Beyond-the-Standard-Model (BSM)(1) Physics. But we know that there is BSM in the
lepton sector, because neutrinos oscillate and therefore have mass. So LFV happens, due
to the New Physics responsable for neutrino masses — but the rate is unknown. This
situation can be constrasted with the quark sector, where the SM predicts FCNC, and
most observations are in such good agreement with the SM, that quark flavour bounds
are perceived as a hurdle for New Physics models, introduced to address some other issue.

The amplitudes for LFV induced by the neutrino masses, treated as Dirac masses,
are ∝ m2

ν/m2
W ∼ 20−24. So observable LFV requires dynamics other than mν . A variety

(1) I use BSM and NP interchangeably.
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Table I. – A selection of LFV processes and current bounds. The third colomn gives the mass
scale of New Particles which could induce the process at dimension 6 via a loop with couplings
of O(1). For such scenarios, μ searches are sensitive to higher scales than τ searches.Similarly,
LFV is more likely to be found in Ks than in Bs. The last colomn gives the mass scale of New
Particles which induce the process via a loop with two extra Higgs legs (saturated by Higgs vevs)
and couplings of O(1). All channels are promising to search for such New Physics scenarios.
The New particles in such scenarios could be accessible to the LHC.

Process Bound Scale (dim 6, loop) Scale (dim 8, loop)

BR(μ → eγ) < 2.4 × 10−12 48 TeV 2.9 TeV
BR(μ → eēe) < 1.0 × 10−12 170 TeV (tree) 5.5 TeV (tree)

14 TeV 1.5 TeV
σ(μ+Ti→e+Ti)

σ(μ capture)
< 4.3 × 10−12 40 TeV 2.6 TeV

BR(τ → �γ) < 3.3, 4.4 × 10−8 2.8 TeV 0.7 TeV
BR(τ → 3�) < 1.5 − 2.7 × 10−8 9 TeV (tree) 1 TeV (tree)
BR(τ → eπ) < 8.1 × 10−8 0.5 TeV 0.3 TeV

BR(K0
L → μē) < 4.7 × 10−12 25 TeV(V ± A) 2.1 TeV(V ± A)

140 TeV(S ± P ) 5 TeV(S ± P )
BR(B → e±μ∓) < 6.4 × 10−8 3 TeV (S ± P )

of models fit oscillation data and current LFV bounds, but give different predictions for
LFV rates. This wide diversity can be parametrised via the Effective Lagrangian.

The scale(s) of the New Physics in the lepton sector are unknown. I assume here that
the New Particles are heavier than the Higgs vev v = 175 GeV, so that the only “light”
fields in the Effective Lagrangian are the known SM fields.

1. – Current bounds and where to look?

Experimentally, we know that LFV rates are below current sensitivities(for refernces,
see for instance [1]). A selection of bounds is presented in the second colomn of table I.
An interesting question is therefore “where is the most promising place to look?”

New particles can have escaped detection to date because they are heavy (e.g. SUSY,
etc.), or because they interact weakly (like axions, majorons, or sterile neutrinos). Here,
I only consider heavy New Particles. At SM scales, footprints of heavy NP are encoded
an the “effective Lagrangian” Leff = LSM + ΔLLFV

eff + ΔLother
eff . It has the SM particle

content, SM gauge symmetries, and all (mass) dimension > 4 operators are allowed. If
the new particles masses are of order a (fuzzy) mass scale Λ, the interactions they induce
among SM particles can be described, at energies � Λ, via

ΔLLFV
eff =

∑
d≥5

∑
n

Cn

Λd−4
On(H, {ψ}, Aμ, . . .) + h.c.(1)

where the operators {On} are built with SM fields, respect SM gauge symmetries, and,
more intuitively, describe the legs of LFV diagrams (including Higgs vevs). See fig. 1.
From the New Physics perspective, the (dimensionless) coefficients Cn contain SM and
NP coupling constants and loop factors; it can be convenient to factor out the SM
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Fig. 1. – On the left, the diagram and “effective coupling” corresponding to the dipole operator
of eq. (2). Notice that the normalisation of the coefficient assumes that the chirality flip is
due to the heaviest lepton Yukawa coupling, and that the NP contributes via a loop. Only
the combination Sαβ/Λ2 is measurable, but it is intuitive to separate it into the dimensionless
Sαβ which contains New Physics couplings, and the New Physics mass scale Λ. On the right, a
GIM-suppressed FCNC diagram in the SM. Since two quark mass insertions are required, the
diagram has two Higgs legs and is of dimension 8.

coupling constants and 1/(16π2), so that C appears to be a product of New Physics
couplings. For instance the dipole operator, which describes g − 2 and �α → �βγ, in this
review is normalised:

(2)
emα

16π2Λ2
[SL]αβeRβσμνeLαFμν +

emα

16π2Λ2
[SR]αβeβσμνeRαFμν .

Leff can provide a useful bridge between data and theories. From data, the operator
coefficients can be constrained. From a theory, the operator coefficients can be calculated.
From the perspective that data should identify the correct theory, it is interesting to ask
to what degree “the” theory can be reconstructed from the coefficients of Leff . However,
we make no progress on this question here.

A lower bound on the mass scale Λ of perturbative New Physics can be obtained from
the experimental bounds as follows. First, find the lowest dimension operator/diagram
corresponding to a process(usually dimension 6 for LFV), set the New Couplings to 1 (on
the assuption that perturbative couplings are ≤ 1), and compute the rate. Notice that
the bound obtained will depend on what loop or SM coupling factors are scaled out of C
in eq. (1). In table I, the New Phyics is assumed to contribute via loop diagrams, as if
New Particles had a conserved quantum number, so C/(Λ2) was taken to be 1/(16π2Λ2).

In the SM, quark FCNC are suppressed by the quadratic GIM mechanism. The
additional m2

q/m2
W factor can be interpreted as placing SM FCNC at dimension 8, with

4 fermion legs and two Higgs legs (see fig. 1 on the right). From a phenomenological
bottom-up perspective, one can ask if this might also occur in New Physics scenarios [2].

Bounds on the scale of New Physics that contributes to LFV at one loop via dimension-
8 operators, can be obtained following a similar recipe to the dimension-6 bounds. The
coefficients C(6)

Λ2 of the dimension-6 operators contributing to a process are set to 0, and
replaced by the coefficients C(8)v2

16π2Λ4 of the dimension-8 operators/diagrams which have
similar fermion legs and two additional Higgs legs (vevs). The lower bounds on Λ at
dimension 8, given in table I, are obtained by setting C8 � 1.

An objection to the bounds of table I is that the flavoured couplings we know in
the SM are not 1. Bounds that take into account a possible hierarchy in flavoured New
Physics couplings can be obtained by following the Cheng-Sher ansätz [3], which is that
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Table II. – Expected Branching Ratios due to tree level TeV-scale New Particles with hierarchical
couplings, as in eq. (3). In meson decays, the chiral structure of the matrix element is indicated.
The “long-distance loop” estimates correspond to an a dipole operator, where the off-shell photon
decays to a charged lepton pair.

Process Bound Expectation

BR(μ → eγ) < 2.4 × 10−12 ∼ 2 × 10−14 (with mass insertion)
BR(μ → eēe) < 1.0 × 10−12 ∼ 10−17 (long-distance loop)

BR(τ → μγ) < 4.4 × 10−8 ∼ 8 × 10−11 (with mass insertion)
BR(τ → 3�) < 2.1 × 10−8 ∼ 0−14 (long-distance loop)

BR(K0
L → μē) < 4.7 × 10−12 ∼ 5 × 10−15 (S ± P )

∼ 10−17 (V ± A)

BR(B → τ±e∓) < 2.8 × 10−5 ∼ 4 × 10−15 (S ± P )
BR(Bs → τ±μ∓) ∼ 10−11 (S ± P )
BR(B → e±μ∓) < 6.4 × 10−8 ∼ 4 × 10−16 (S ± P )
BR(B → K0μ±e∓) < 2.7 × 10−7 ∼ 10−15 (V ± A)
BR(B+ → K+τ μ̄) < 7.7 × 10−5 ∼ 10−11

flavoured fermion couplings are ∝ SM fermion masses

(3) λij �
√

mimj

v2
, i, j any SM fermion.

Such patterns arise, for instance, in Randall-Sundrum extra-dimensional models. To
obtain the rate estimates given in table II (see also [4]), I assume that new particles with
masses ∼ TeV and couplings like eq. (3) contribute via tree diagrams (when possible)
to the various processes. The �α → �βγ branching ratios are estimated with a 1/(16π2)
loop factor, and chirality flip due to a Higgs insertion on an external leg, as in fig. 1.
Without this factor, the prediction exceeds the current upper bounds.

In summary, neutrino masses imply that there is New Physics dedicated to Lepton
Flavour. However, no flavour-changing processes have yet been observed among charged
leptons. Current bounds are consistent with various patterns of New Physics. Most new
flavoured particles with masses � few → 10 TeV, and O(1) couplings are allowed if they
contribute to LFV via loops. New flavoured particles with masses ∼ TeV and hierarchical
couplings can contribute at the tree level. Most importantly, the three classes of BSM
scenarios considered here (in loops at dimension 6 or 8, with hierarchical couplings), can
most readily be found in different processes (μ decays, τ decays, K decays,. . . ). This
means that improving the sensitivity of all LFV modes is interesting, because there is no
model independent “golden mode” which is the “best place” to look.

2. – What can we learn?

Some anticipated sensitivities to various LFV processes(2) are listed in table III. In
this section, we suppose that some LFV is observed, and discuss an example of what

(2) NA62 will have K+’s, and could explore BR(K+ → π+μ+e−) ∼ 10−12. However, for LFV,
its not clear this is more sensitive that the current bounds from K → μ+e−
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Table III. – Future sensitivities of various experiments to LFV processes.

Some processes Current sensitivities Future sensitivity

BR(μ → eγ) < 2.4 × 10−12 ∼ 10−13(10−14 (MEG)
BR(μ → eēe) < 1.0 × 10−12

σ(μ+Au→e+Au)
σ(μ capture)

< 7 × 10−13 10−16 − 10−18(J-PARC)

BR(τ → �γ) < 3.3, 4.4 × 10−8 few ×10−9 (S-B fact)
BR(τ → 3�) < 1.5 − 2.7 × 10−8 � 10−9 (S-B fact)
BR(τ → eφ) < 3.1 × 10−8 � 10−9 (S-B fact)

BR(K0
L → μē) < 4.7 × 10−12

BR(K+ → π+ν̄ν) = 1.7 ± 1.1 × 10−10 100 evts (NA62)

such data could tell us about New Physics. An early discussion in this perspective
is [5]. There are two steps to learning about NP: first, determining the coefficients of the
effective Lagrangian, then, in principle, it would be interesting to “reconstruct” the New
Physics Lagrangian from the Effective Lagrangian.

One way to learn about New Physics is to combine various observables. In many
processes, such as τ → 3� or μ − e conversion, there are several operators of the same
dimension which can contribute to the rate, so experimental observables depend on com-
binations of operator coefficients. Interesting studies [6] have shown that these coeffi-
cients could be disentangled with additional observables, such as angular correlations in
τ → 3�, or nucleus-dependance in μ − e conversion. Knowing the various coefficients in
the Effective Lagrangian can give some information on the properties of New mediating
Particles, such as their colour or spin.

Measuring the same process for different flavours (e.g.: μ → eγ, τ → eγ, τ → μγ) tells
about the flavour structure of the Effective Lagrangian coefficient, and, possibly also of
the New couplings. Consider τ → �γ and μ → eγ, which constrain the flavour structure

Fig. 2. – The hierarchy predicts BR(τ → μγ) below anticipated Super B fact sensitivities.
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of the dipole coefficient. Only one operator contributes, although it is convenient to
separate it in two according to fermion chirality (as in eq. (2)), rather than write the
operator +h.c. For simplicity, I assume chirality flip on an external leg.

Recall that BR(μ → eγ) ≤ 10−12. And suppose we see BR(τ → eγ) ∼ 10−8 at
a Super-B factory. This is an interesting scenario for learning about flavour structure,
because we have two pieces of information: the τ → eγ rate, and the “approximate zero”
from μ → eγ. However, SL and SR combine to an arbitrary complex three by three
matrix, which cannot be reconstructed from two observations.

So I make one more assumption, which is common in hierarchical flavour physics:
suppose that the dipole coefficient emαSαβ/16π2Λ2 is dominated by its largest eigenvalue
(this is like taking [Y†

uYu]bs � V ∗
tby

2
t Vts). Then there are three parameters, Λ, |V3e|, and

|V3μ|, to parametrise μ → eγ, τ → eγ, τ → μγ. If one allows that the LHC can give a
lower bound on Λ, an upper bound on the remaining rate τ → μγ can be predicted. This
bound is shown in fig. 2. It arises because V3e must be large, if “sufficiently heavy” NP
induces τ → eγ:

B̃R(τ → eγ) � 10−8

(
500GeV

Λ

)4 |V3e|2
10−4

� 10−8.

Then B̃R(μ → eγ) ∝ |V3μV ∗
3e|2 � 10−12 imposes that |V3μ| is “approximately zero”

(assuming |V ∗
3e| is large). This argument is relevant for the experimental scenario where

the LHC puts a lower bound on the mass of LFV mediators, and a Super-B factory
sees a τ → �γ decay. Then the argument says that: if the New Physics couplings are
hierarchical, then only one of τ → μγ or τ → eγ should be seen. Notice that this upper
bound arises irrespective of whether μ → eγ is observed or not. See [7] for caveats to
this argument.

In summary, it is the author’s opinion that it is interesting to explore how much of
the fundamental New Physics Lagrangian can be reconstructed from coefficients of the
Effective Lagrangian. I described here a simple example (with some hidden assump-
tions) where measuring one rare τ decay allows to learn whether the New couplings are
hierarchical. This example also illustrates that discovering an LFV process in τ ’s is
arguably more interesting than discovering it in μ’s, because combining a τ detection
at BR ∼ 10−8 with a μ bound at BR � 10−12 gives information about both the New
Physics flavour structure and scale.

∗ ∗ ∗
I thank the organisers for inviting me to La Thuile in the year of the first LHC results.
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Summary. — New results of a search for the ultra-rare decay μ → eγ by the
MEG Collaboration at the Paul Scherrer Institut (PSI) continuous muon beam
are reported here. The data were taken during 2009 and 2010 and correspond to
approximately 1.8×1014 muon stopped on target. A maximum-likelihood fit analysis
sets an upper limit at 90% CL on the branching ratio, B(μ → eγ) < 2.4 10−12, the
best limit ever achieved for this process.

PACS 13.35.Bv – Decays of muons.
PACS 11.30.Hv – Flavor symmetries.
PACS 12.10.Dm – Unified theories and models of strong and electroweak inter-
actions.

1. – Description

The standard model of elementary particles (SM) forbids processes with violation of
the lepton flavour accidental symmetry (LFV). The process μ → eγ is highly suppressed
even with the introduction of neutrino masses and mixing in the SM [1,2]. An immeasur-
ably small branching ratio (B � 10−51) for this decay would be allowed. On the contrary,
new physics scenarios beyond SM, such as supersymmetric grand unified theories or the-
ories with extra dimensions, predict branching ratios in the 10−12 to 10−14 range [3-5].
This is close to the present limit set by the MEGA experiment [6], B ≤ 1.2 × 10−11,
which places one of the most stringent constraints on the formulation of such theories.
Observation of μ → eγ therefore would be an unambiguous signature of new physics,
while improvements on the existing limit would stringently constrain many of the new
physics scenarios beyond SM.

2. – The MEG experiment

The μ → eγ process has simple two-body kinematics with well-defined photon and
positron energies. An experiment devoted to search for this process should be carefully
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optimized to fight the background by obtaining the best experimental resolution with
some trade-off on the detection efficiency. Positive muons are not captured on target
nuclei and they must be preferred for this search. The background to μ+ → e+γ decay
comes either from radiative muon decays μ+ → e+νν̄γ (RMD) in which the neutrinos
carry away little energy or from an accidental coincidence of an energetic positron from
a normal Michel decay with a γ-ray coming from RMD, Bremsstrahlung or positron
annihilation-in-flight. The accidental coincidences are by more than one order of mag-
nitude the dominant background. Given the possibly tiny B value a high beam rate is
necessary. The PSI πE5 beam line is used to stop 3 × 107 positive muons per second
in the target. The residual polarization of the decaying muons along the beam axis was
measured to be 〈P 〉 = −0.89 ± 0.04.

The MEG detector [7, 8] provides an asymmetric coverage (10% solid angle in total)
of the thin muon stopping target (205μm thick polyethylene) in order to minimize the
material crossed by the photon before being detected. It is composed of a positron
spectrometer and a photon detector in search of back-to-back and time coincident photons
and positrons. The positron spectrometer consists of a set of drift chambers (DC) [9]
and scintillation timing counters (TC) [10] located inside a superconducting solenoid
with a gradient field [11] along the beam axis, ranging from 1.27 Tesla at the centre to
0.49 Tesla at either end. Such B field efficiently sweeps out the low-energy positrons
from the spectrometer volume. The photon detector [12], located outside of the solenoid,
is a homogeneous volume (900 �) of liquid xenon (LXe) viewed by 846 UV-sensitive
photo-multiplier tubes (PMTs) submerged in the liquid. The spectrometer measures the
positron momentum vector and timing, while the LXe detector is used to reconstruct
the γ-ray energy as well as the position and time of its first interaction in LXe. All the
signals are individually digitized by in-house designed waveform digitizers based on the
multi-GHz domino ring sampler chip (DRS) [13].

The MEG detector response, resolutions and stability are constantly monitored and
calibrated. The PMTs of the LXe detector are calibrated by LEDs and α-sources im-
mersed in the liquid [14] during physics data acquisition. The energy scale and resolutions
of the LXe detector are measured over the energy range of 4.43 to 129.4 MeV using var-
ious γ-rays sources. Photons from a radioactive Am/Be source and from (p, γ)-reaction
using a dedicated Cockcroft-Walton accelerator (CW) [15] are injected twice a week in
the LXe detector, while once a year a π−p charge exchange and radiative capture re-
actions (CEX) are used to produce monochromatic photons in an energy range very
close to the signal photon energy. A 9 MeV-γ line from the capture in nickel of neu-
trons from a pulsed and triggerable deuteron-deuteron neutron generator allows to check
the stability of the LXe detector even during data-taking. The relative time between
the TC and LXe detector is monitored using RMD and 2γ-events from 11

5B(p, 2γ)126C
reactions.

The μ+ → e+γ trigger requires the presence of a high-energy γ-ray in the LXe detector
and a hit on the timing counters within a 20 ns window together with an approximate
back-to-back topology. Pre-scaled monitoring and calibration triggers are also recorded.
A more detailed description of the MEG detector can be found in ref. [8].

3. – Data analysis

The results presented here are based on data collected in 2009 and 2010 (for a total
of 1.8 × 1014 μ+-decays in the target). The 2010 statistics are about twice that of 2009.
All sub-detectors were running stably during these periods.
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In 2010 a DRS upgrade resulted in an improvement in the time resolution while an
increase in noise in the DC, due to a deterioration of the HV power supplies, and some
unusable DC modules caused a slightly worse positron tracking performances.

A blind analysis procedure was adopted such that events close to the signal region
were kept hidden (blind region) until all the analysis procedures had been completely
defined. A maximum likelihood analysis fit method was used to extract the signal and
background yields. Therefore, the probability density functions (PDFs) needed for the
likelihood analysis were constructed using the only events outside of the blind region
(side-bands) or calibration samples.

3.1. Observables reconstruction and resolutions. – The kinematic variables used to
identify the μ+ → e+γ decays are the γ-ray and e+ energies (Eγ , Ee), their relative
directions (θeγ , φeγ) and relative emission time (teγ). The relative directions are defined
as θeγ = (π − θe) − θγ and φeγ = (π + φe) − φγ , θ and φ being the polar angle and
the azimuthal angle, respectively, taking the z-axis as the beam-axis. The offline event
selection requires at least one e+-track reconstructed in the spectrometer and pointing
to the target, with minimal quality cuts applied. The blind region is defined by 48 <
Eγ < 58 MeV and |teγ | < 1 ns.

The positron track reconstruction in the spectrometer is based on a Kalman filter
technique [16]. Effects of multiple scattering and energy loss in the detector materials
in the presence of the non-uniform magnetic field are taken into account. The gradient
magnetic field was measured with Hall probes in 2006 and compared with the prediction
from the coil currents showing good agreement (within 0.2%). Only the major compo-
nent along the beam axis of the measured field is used in the analysis to avoid possible
misalignment errors from the Hall probes. The other minor components are deduced
from Maxwell equations with boundary conditions at a symmetry plane at the magnet
centre. Internal alignment of the DC is obtained by tracking cosmic-ray muons without
a magnetic field and by minimizing the measured residuals in a manner independent of
the initially assumed alignment [17]. The absolute position of the DC system is based
on an optical survey.

The resolutions of the positron track direction are estimated by exploiting tracks with
two full turns in the DC sensitive volume Each turn is treated as an independent sub-
track and the resolutions are extracted from the difference between the fitted parameters
of the two reconstructed sub-tracks. Monte Carlo (MC) simulations demonstrate that
the RMS of such differences (fig. 1) are good estimates of the angular resolutions at the
target. Small corrections (at the level of 10%) account for a dependence on positron
momentum.

The reference energy resolution is evaluated by fitting the kinematic edge of the Michel
decays with a convolution of the theoretical Michel spectrum with a resolution function
represented by a sum of three Gaussians. The core Gaussian component describes about
80% of the events with a tail (σtail = 3σcore) and an outlier (σout = 6σcore) components
being approximately 15% and 5% of the total.

The decay vertex coordinates and the positron direction at the vertex are determined
by extrapolating the reconstructed track back to the target with the constraint given by
the target plane. Given this constraint, a geometrical correlation is generated between
φe at the vertex position and Ee, that can be parametrized as σφe

=
√

σ2
0 + (k tan φe)2

where σ0 is the φe resolution for φe = 0, i.e. the direction orthogonal to the target plane,
and k ∼ 10 mrad is a parameter that can be determined experimentally by using the
two-turn method. This effect is perfectly reproduced by the MC simulation.
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Fig. 1. – Double turn tracks momentum (left) and angle (center and right) distribution. The
plots shows the difference of the sub-tracks parameters, obtained with independent fits to each
sub-track.

The resolution on the decay vertex coordinates is also determined by the two-turn
method; along the beam axis it is described by a Gaussian while in the vertical direction
it is described by the sum of two Gaussians (core component approximately 85%).

The determination of the photon energy Eγ in the LXe detector is based on the sum
of the number of scintillation photons detected by the PMTs; correction factors take into
account the different PMT geometrical acceptances. Due to its geometry the detector
response is not totally uniform over the photon entrance window; this is corrected for
by using γ-lines from CW and CEX reactions. The absolute energy scale and resolution
at the signal energy Eγ = 52.8 MeV are determined by the CEX measurement; the
resolution σR, extracted from a Gaussian fit to the high energy side of the spectrum,
depends also on the depth (w) of the γ-ray conversion point from the photon entrance
surface of the LXe detector. Events with shallow conversion point (w < 2 cm) represents
the 37% of the total and have a resolution about 20% worse than the events with w >
2 cm. The 3D-map of the measured resolutions is incorporated into the PDFs for the
likelihood analysis.

The photon energy scale and the resolutions are cross-checked by fitting the back-
ground spectra measured in the side-bands with the theoretical RMD spectrum folded
with the detector resolutions. This allows to monitor the resolutions during the run
and confirms that they are well represented by the CEX evaluations. The systematic
uncertainty of the Eγ-scale is estimated to be � 0.3%.

Since MEG operates at a high beam intensity, it is important to recognize and unfold
pile-up photons. For each event the spatial and temporal distributions of the PMT
charge are studied to identify photon pile-up in the LXe detector; in case of positive
identification, corrections to the PMT charges are applied. Cosmic ray events are rejected
using their topological characteristics.

The position of the first interaction of the γ-ray in the LXe detector is derived from
the light distribution measured by the PMTs close to the region of the energy deposition
by fitting the distribution with the expectation. The position resolution in the plane
of the photon entrance window is measured in a dedicated CEX run with a lead slit-
collimator placed in front of the LXe detector, while the w resolution and the position
dependence of the resolutions are evaluated by a MC simulation.

The γ-ray direction (θγ and φγ) is defined by the line connecting the decay vertex to
the γ-ray conversion point measured by the LXe detector.

The relative time teγ is derived from the two time measurements by the LXe detector
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Table I. – Resolution (Gaussian σ) and efficiencies for 2009 and 2010 data.

PDF parameters 2009 2010

Core
σE

e+
E

e+
0.74% 0.74%

Core Gaussian fraction 83% 79%
e+ σθ 9.4 mrad 11.0 mrad
e+ σφ (φ = 0) 6.7 mrad 7.2 mrad
e+ σZ / σY (core) 1.5/1.1 mm 2.0/1.1 mm
σEγ

Eγ
w > 2 cm 1.9% 1.9%

γ position at LXe σ(u,v)-σw 5–6 mm 5–6 mm
θeγ 14.5 mrad 17.1 mrad
φeγ 13.1 mrad 14.0 mrad
γ-e+ timing 150 ps 130 ps

Efficiency

Trigger 91% 92%
γ reconstruction 58% 59%
e+ reconstruction 40% 34%

and the TC, after correcting for the length of the particles flight-paths. The associated
resolutions at the signal energy are evaluated from the RMD peak observed in the Eγ

side-band; a small correction takes into account the Eγ-dependence measured in the CEX
calibration runs. The position of the RMD-peak corresponding to teγ = 0 was monitored
constantly during the physics data-taking period and found to be stable to within 15 ps.

All the mentioned resolutions are collected in table I for 2009 and 2010 data separately.
Reconstruction efficiency for positron and photon within the detector acceptance are also
reported in table I.

3.2. Maximum-likelihood analysis. – A likelihood analysis is carried out for events
in a portion of the blind region (analysis region) defined by 48 < Eγ < 58 MeV, 50 <
Ee < 56 MeV, |teγ | < 0.7 ns, |θeγ | < 50 mrad and |φeγ | < 50 mrad. These intervals in
the analysis variables are between five and twenty sigmas wide to fully contain the signal
events and also retain some background events. The best estimates of the numbers of
signal, RMD and accidental background (BG) events in the analysis region are obtained
by maximizing the following likelihood function:

L (Nsig, NRMD, NBG) =

e−N

Nobs!
e
− (NRMD−〈NRMD〉)2

2σ2
RMD e

− (NBG−〈NBG〉)2

2σ2
BG

×
Nobs∏
i=1

(NsigS(
xi) + NRMDR(
xi) + NBGB(
xi)) ,

where 
xi = {Eγ , Ee, teγ , θeγ , φeγ} is the vector of observables for the i-th event, Nsig,
NRMD and NBG are the fitted numbers of signal, RMD and BG events, while S, R and
B are their corresponding PDFs. N = Nsig + NRMD + NBG and Nobs is the observed
total number of events in the analysis window. 〈NRMD〉 = 27.2 (52.2) and 〈NBG〉 =
270.9 (610.8) are the numbers of RMD and BG events extrapolated from the side-bands
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Fig. 2. – Distribution of 90% upper limit on Nsig in two ensembles of toy MC experiments
corresponding to 2009 (left) and 2010 (rigth) dataset.

together with their uncertainties σRMD = 2.8 (6.0) and σBG = 8.3 (12.6), respectively
for 2009 (2010) data.

The signal PDF S(
xi) is the product of the PDFs for Ee, θeγ , φeγ and teγ , which
are correlated variables, as explained above, and the Eγ PDF. The PDFs properly in-
corporate the measured resolutions and correlations among Ee, θeγ , φeγ and teγ on an
event-by-event basis. The RMD PDF R(
xi) is the product of the same teγ-PDF as that
of the signal and the PDF of the other four correlated observables, which is formed by
folding the theoretical spectrum with the detector response functions. The BG PDF
B(
xi) is the product of the five PDFs, each of which is defined by the single background
spectrum, precisely measured in the side-bands. The dependence of the resolutions on
the position of the γ-ray interaction point and on the positron tracking quality is taken
into account in the PDFs.

A frequentist approach with a profile likelihood-ratio ordering [18,19] is used to com-
pute the confidence intervals on Nsig. Other, independent analysis schemes based on
averaged PDFs without event-by-event information or Bayesian approach were also used
and found to be compatible with the analysis presented here to within 10 to 20% differ-
ence in the obtained branching ratio upper limits.

In order to convert Nsig into a branching ratio value the normalization relative to
the Michel decay is computed [8] by counting the number of Michel positrons passing
the same analysis cuts. This is accomplished by means of a pre-scaled Michel positron
trigger enabled during the physics data-taking. A correction to the pre-scaling factor due
to positron pile-up in the TC is taken into account. Another method for computing the
normalization uses RMD events in the Eγ side-band and the theoretical branching ratio
of the RMD. The normalizations calculated by these two independent methods are in
good agreement and are combined to give the normalization factor with a 7% uncertainty.

The sensitivity (S) of the experiment with a null signal hypothesis is evaluated by
taking the median of the distribution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of RMD and BG events, as measured
in the side-bands, are assumed in the simulated experiments. In fig. 2 the distribution of
the upper limit on Nsig on these ensembles are reported for the 2009 and 2010 data sets
separately. It must be emphasized that these sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several comparable analysis regions of the
teγ side-bands demonstrating a good control over the background description.
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Fig. 3. – Distributions of events for the various observables, teγ , Ee, and Eγ on the top row,
θeγ and φeγ on the bottom row. The projected PDF total, S, R and B (blue, green, red, and
magenta) are superimposed. The dotted lines includes the 90% CL upper limit on Nsig for
comparison.

After calibrations, optimization of the analysis algorithms and background studies in
the side-bands are completed, the likelihood analysis in the analysis region is performed.
In fig. 3 the event distribution for the various observables is shown with the superimposed
PDF.

The analysis of the full data sample gives a 90% CL upper limit of 2.4 × 10−12 on
B (μ → eγ). The 90% CL intervals as well as the best estimate of the branching ratio
for 2009 and 2010 data separately are also given in table II. The 2009 data set, which
gives a positive best estimate for the branching ratio, is consistent with the hypothesis
B = 0 with an 8% probability.

The systematic uncertainties for the parameters of the PDFs and the normalization
factor are taken into account in the calculation of the confidence intervals by fluctuating
the PDFs according to the uncertainties. The largest contributions to the systematic

Table II. – Single event sensitivity (SES), sensitivity (S), best fit (Bfit),and upper limits (UL)
at the 90% CL of the branching ratio (given in ×10−12 unit) for the 2009, 2010 and combined
2009 + 2010 data sets. Best fit (Nsig) events and Nobs are also reported.

Data set SES S Nobs Nsig Bfit UL

2009 0.9 3.3 311 3.4 3.2 9.6
2010 0.4 2.2 645 −2.2 −1.0 1.7
2009 + 2010 − 1.6 − − −0.2 2.4
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uncertainty, which amount to a shift of about 2% in total in the branching ratio upper
limit, come from the uncertainties of the offsets of the relative angles, the correlations in
the positron observables and the normalization.

4. – Conclusions and perspectives

In this contribution the results of 2009 and 2010 data analysis collected by the MEG
experiment has been presented, leading to a 90% CL upper limit of 2.4 × 10−12 on
B (μ → eγ), which constitutes the most stringent limit on the existence of the μ → eγ
decay, superseding the previous limit by a factor of 5. In 2011 the MEG experiment has
already doubled the collected data and plans to add more data in 2012. The detector
performances are expected to be similar. The predicted sensitivity at the end of 2012
would be in the range 10−13 challenging several model of new physics. An upgrade of
the system is under discussion and could further bring down the sensitivity to less than
10−13.

∗ ∗ ∗
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support of INFN (Italy).
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Summary. — ALICE is a multipurpose detector for high-energy nucleus-nucleus
physics at the CERN Large Hadron Collider. In November 2010, ALICE took its
first Pb-Pb data at the center-of-mass energy of 2.76 TeV per nucleon pair; reference
data in proton-proton collisions at the same energy were collected in 2011. This
paper gives an overview of the main physics results obtained with these data. In
particular, I will present results on identified charged and strange particle transverse
momentum spectra, on anisotropic flow of charged particles, on open heavy flavour
and quarkonia production in Pb-Pb collisions, compared to pp collisions. These first
Pb-Pb results from ALICE at LHC are broadly consistent with expectations based
on lower energy RHIC and SPS data. They indicate that matter created in these
collisions, while initially much larger and hotter, still behaves like a very strongly
interacting, almost perfect liquid. A brief outlook on the expected results from the
second, higher statistics Pb-Pb run of Fall 2011 will be given as well.

PACS 25.75.Ld – Collective flow.
PACS 25.75.Gz – Particle correlations and fluctuations.

1. – The ALICE experiment

The ALICE experiment [1] was designed for the study of the Quark-Gluon Plasma
produced in Pb-Pb collisions at the CERN Large Hadron Collider, at a center-of-mass
energy which is presently (2010-2011 runs) about 14 times the energy attained previously
at the Relativistic Heavy Ion Collider (RHIC). For a general overview of LHC results from
Pb-Pb collisions see, e.g., [2]. The experiment is fully described in [1]; results presented
in the following are based on the central barrel detectors, namely the Internal Tracking
System (ITS), the Time Projection Chamber (TPC) and the Time of Flight system
(TOF), as well as on the Muon Spectrometer and on the Electromagnetic Calorimeter
(EMCal). In addition, the Zero-Degree Calorimeters (ZDC) and the VZERO scintillator
hodoscopes have been used for centrality determination. Two triggers have been used,
namely the Minimum Bias (MB) trigger based on signals from the Silicon Pixel Detector
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Fig. 1. – Left: transverse energy dEt/dη over charged track density dNch/dη per participant pair
vs. number of participants. Right: preliminary transverse momentum spectra of K− in Pb-Pb
collisions of different centralities ranging from 0–5% to 60–70%; lines represent blast-wave fits.

and the VZERO scintillator hodoscopes (see, e.g., [3]), and the MUON trigger given by
a muon signal in the trigger chambers of the Muon Spectrometer in coincidence with the
MB trigger.

2. – ALICE results from Pb-Pb collisions at 2.76 TeV

Published and preliminary results from Pb-Pb collisions collected in the first Pb-
Pb run (Fall 2010) at the LHC energy of 2.76 TeV per nucleon pair are presented in
the following. The integrated luminosity in the 2010 run is 2.9μb−1 corresponding to
17.7 million Minimum Bias events. Reference to pp runs at 2.76 and 7 TeV has been made
when necessary, in particular to establish the nuclear modification factors described in
the following. The higher statistics 2011 Pb-Pb run is briefly described in the final
section.

2.1. Global event features. – The main centrality observables used in ALICE are the
multiplicity in the VZERO scintillator array and the forward energy in the ZDCs. Us-
ing a Glauber fit to the cross-section, centrality classes corresponding to given fractions
of the inelastic Pb-Pb cross-section are defined (see, e.g., [4]). For the most central
class 0–5%, a charged multiplicity density of 1584 ± 76 at midrapidity has been mea-
sured [3]; normalizing to the number of participant nucleon pairs this corresponds to
(dNch/dη)/(Npart/2) = 8.3 ± 0.4, i.e. about 2.1 times the value measured at RHIC in
central Au-Au collisions at 0.2 TeV center-of-mass energy, a stronger rise than the one
predicted by a log(

√
sNN ) extrapolation from lower energies. The dependence on cen-

trality of charged multiplicity density is very similar [4] to the one observed at RHIC.
The energy density obtained in the most central collisions has been estimated via the
Bjorken formula εBj = 1

τπR2 dET /dη (see, e.g., fig. 1(left)); the product of energy density
and formation time, ετ , is at the LHC about 2.5 larger than the one measured at RHIC.
Assuming an upper limit on the formation time of 1 fm/c, an energy density of at least
15 GeV/fm3 is obtained.
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coefficient vs. pt for identified hadrons measured in Pb-Pb collisions in the 20–40% centrality
class.

The spatial extent and the temporal duration of the particle emitting source is ex-
tracted from Hanbury-Brown Twiss interferometry of identical bosons (pions in this
case) [5]: the HBT radii thus obtained indicate a volume of about 5000 fm3, which is
twice the one observed at RHIC, and a lifetime about 40% longer.

2.2. Collective expansion and anisotropic flow . – Detailed informations on the ex-
pansion of the source can be obtained by the transverse momentum spectra and by the
azimuthal anisotropy (in particular the elliptic flow coefficient v2) of identified hadrons.
An example of transverse momentum spectra as a function of centrality is given in
fig. 1(right). Lines represent blast-wave [6] fits, from which one obtains integrated yields
dN/dy, average pt and (by performing a simultaneous fit to different hadrons at given
centrality) the parameters of the system at kinematic freeze out: temperature Tfo and
average radial flow velocity β (in units of c). A strong radial flow, β � 0.66, is observed
in the most central collisions, i.e. about 10% higher than at RHIC; the estimated Tfo is
slightly below 100 MeV for the same central collisions. The mean pt of identified hadrons
is correspondingly higher at LHC.

The preliminary pt spectra of positively charged hadrons (and K0
S , which extend the

pt range towards higher values) are shown in fig. 2(left) for the most central Pb-Pb
collisions. Feed-down from weak decays has been subtracted. Lines represent a recent
hydrodynamical calculation [7] which reproduces well the shape and the absolute value
of the spectra, with the exception of protons whose yield appears to be overestimated.

The initial spatial anisotropy of the hot and dense medium formed in a Pb-Pb collision
gives rise during the expansion to a momentum space anisotropy which is quantified by
a Fourier expansion in the transverse plane. The pt-integrated elliptic flow coefficient
v2 for charged particles measured [8] at LHC is about 30% higher than at RHIC, which
is attributed to the harder pt spectrum at LHC, since the differential flow coefficient
v2(pt) at LHC is very similar to the RHIC one. More insight is gained by measuring
v2(pt) for identified hadrons: fig. 2(right) shows preliminary measurements for several
identified hadrons including hyperons in 20–40% central Pb-Pb collisions. The mass
splitting induced by radial flow is evident, pions being the least affected by radial flow.
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A comparison with recent hydrodynamical calculation with shear-viscosity–to–entropy-
density ratio η/s = 0.20 [7] (in units h̄ = kB = 1) shows good agreement also for
hyperons.

2.3. Strangeness and chemical composition. – The mid-rapidity yields of identified
hadrons provide information on the temperature Tch of the so-called chemical freeze out,
after which only elastic interactions occur, which can alter the pt distributions but not
any more the particle ratios. Additional information can be obtained by the pt depen-
dence of some of the ratios, like, e.g., the strange baryon/meson ratio shown in fig. 3.
Strange baryons are more abundant than mesons at higher pt, and the baryon/meson
ratio increases with centrality. The rise with pt at fixed centrality is consistent with
the quark recombination scenario, while the interplay between soft and hard production
results in the subsequent decrease with pt. The maximum value of the ratio is slightly
higher at LHC than at RHIC (as measured by the STAR collaboration in central Au-Au
collisions at 0.2 TeV, see [9]) and the maximum occurs at higher pt. The enhancement
of this ratio with respect to pp persists up to at least 6 GeV/c.

Another important piece of information comes from the strangeness enhancement,
already observed at SPS and RHIC, as obtained from ratios of multi-strange baryon
yields in ion-ion and pp interactions. ALICE results on multi-strange baryon production
in pp interactions at 7 TeV have been recently released [10]. Figure 4 shows that the
enhancement in Pb-Pb collisions (with respect to pp ones) at LHC increases with the
number of strange quarks and with centrality, confirming the SPS/RHIC trend; however,
the enhancement decreases with increasing center-of-mass energy.

The temperature of chemical freeze out can be extracted combining several particle
ratios (including the ones derived from yields of multi-strange baryons), as shown in
fig. 5(left) for 0–20% central Pb-Pb collisions at the LHC. The comparison with thermal
model [11] calculations indicates a rather low Tch if protons are included, but this appears
to be ruled out by the ratios involving multi-strange baryons. If these are included and
protons are excluded, a chemical freeze out temperature of 164 MeV (with a chemical
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Fig. 4. – Enhancement of multi-strange (anti-)baryon production in Pb-Pb (Au-Au) collisions
with respect to pp collisions at SPS, RHIC and LHC.

potential μ = 1 MeV) is obtained at LHC, which is close both to the one measured at
RHIC and to the critical temperature Tc from Lattice QCD calculations.

2.4. Parton energy loss in the medium. – The nuclear modification factor RAA = 1
TAA

(dNAA/dpt)/(dNpp/dpt) of charged hadrons (see, e.g., [12]), heavy flavour mesons [13]
and jets is a powerful tool to test the predicted dependence of the parton energy loss in
the medium on their color charge and mass. ALICE has observed a larger suppression
of charged hadrons with respect to the one measured at RHIC, with the strongest sup-
pression occurring at pt � 6–7 GeV/c; RAA then increases for pt > 10 GeV/c, with hints
of flattening above 30 GeV/c, see fig. 5(right).
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Fig. 5. – Left: Preliminary mid-rapidity particle ratios in 0–20% central Pb-Pb collisions, com-
pared to thermal model calculations. Right: Nuclear modification factor vs. pt for charged
hadrons in Pb-Pb collisions, in three centrality classes.
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ALICE has recently measured the nuclear modification factor of prompt D mesons [13]
in central (0–20%) Pb-Pb collisions, see fig. 6. For pt > 5 GeV/c, a suppression of
a factor 3-4 is observed for the three species measured (D0, D+ and D∗+ with the
respective antiparticles). Comparing to charged hadrons, which in the measured pt range
are dominated by pions, there is an indication for RD

AA > Rcharged
AA , in line with models

for the radiative energy loss of partons in the hot and dense medium: gluons (which are
the main source of pions) are expected to be more suppressed than light quarks, which
in turn are expected to be more suppressed than heavy quarks. The result obtained
by CMS [14] on non-prompt J/ψ’s from B decays is also shown, indicating a lesser
suppression for the heavier b quark.

2.5. Quarkonia dissociation and regeneration in the medium. – The J/ψ suppres-
sion (already observed at SPS and RHIC energies) and its possible regeneration at
LHC energies (due to the much greater number of c quarks produced) is perhaps the
most important signature for Quark Gluon Plasma formation in heavy-ion collisions.
ALICE has recently released the results [15] on the J/ψ nuclear modification factor
as a function of pt down to pt = 0 in the forward rapidity range (2.5 < y < 4.0).
The nuclear modification factor, integrated over the 0–80% most central collisions, is
0.545 ± 0.032(stat.) ± 0.084(syst.) and does not exhibit a significant dependence on the
collision centrality. These features appear significantly different from lower energy mea-
surements. More details are given in [15].



ALICE RESULTS ON HEAVY-ION PHYSICS AT THE LHC 113

)2 (GeV/cμμM
2 2.5 3 3.5 4 4.5 5

)2
E

ve
nt

s/
(5

0 
M

eV
/c

10

20

30

40

50

60

70

310×

 718±= 39249 ψJ/N
2 1.5 MeV/c±= 78.0 ψJ/σ

 0.004±) = 0.208 σS/B (3

 = 2.76 TeVNNsPb-Pb, 

ALICE Performance
4/03/2012

Fig. 7. – J/ψ in the opposite-sign dimuon invariant mass spectra from the 2011 Pb-Pb run.

3. – Conclusions and outlook

The ALICE Collaboration focused in 2011 on the analysis of the first Pb-Pb run at
2.76 TeV of 2010 as well as on the vast amount of pp data collected at 2.76 TeV and 7 TeV
in 2010 and early 2011. The main results obtained so far can be summarized as follows:
i) a medium with 3 times higher-energy density than RHIC has been observed; ii) a
smooth evolution with center-of-mass energy of global events observables has been found,
now the Collaboration is looking more differentially into (e.g.) higher flow harmonics with
identified hadrons and an extended pt range; iii) a strong suppression of high pt hadrons
with respect to pp collisions has been found; iv) the nuclear modification factor RAA of
light and heavy quarks is similar; v) the J/ψ at low pt is less suppressed than at RHIC.

The second Pb-Pb run (Fall 2011) was very successful with an increase of a factor 15
in the collected statistics with respect to the previous year; now the ALICE Collaboration
is focusing on analysis of new data (see, e.g., fig. 7, showing the quality of the J/ψ signal
collected in the Muon Spectrometer), preparation of the p-Pb run—which in particular
will provide a measurement of the cold matter effects relevant for heavy flavours—and
on the upgrade programme.

∗ ∗ ∗
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Summary. — This paper summarizes recent experimental results related to heavy-
ion collisions from the CMS Collaboration. Global features, like charged particle and
transverse-energy density as a function of pseudorapidity, as well as correlations,
elliptic flow, and the production of hard probes like isolated photons, Z and W
bosons, jets, J/ψ and Υ particles will be presented. Many of these observations
are possible for the first time at the LHC, and the CMS experimental apparatus
is well suited to conduct detailed studies of hard probes in the recently collected
high-luminosity Pb + Pb data.

PACS 25.75.-q – Relativistic heavy-ion collisions.
PACS 25.75.Ag – Global features in relativistic heavy-ion collisions.
PACS 25.75.Bh – Hard scattering in relativistic heavy-ion collisions.
PACS 25.75.Cj – Photon, lepton, and heavy quark production in relativistic heavy-
ion collisions.

1. – Introduction

The strong interaction—described by the theory of Quantum Chromodynamics,
QCD—is one of the fundamental forces in Nature. At the extremely high energy density
of about 1 GeV/fm3 and at a temperature of 150–180 MeV/kB , the nuclear matter is pre-
dicted to undergo a phase transition, beyond which the relevant degrees of freedom are
the quarks and gluons. The only available experimental tools to create these conditions
in the laboratory are the collisions of heavy ions, such as Pb nuclei. The present paper
is a brief overview of recent results from the CMS Collaboration at the Large Hadron
Collider (LHC), based on the first two heavy-ion data-taking periods in 2010 and 2011.

The first indications of the QCD phase transition appeared at the CERN SPS ac-
celerator. The Relativistic Heavy Ion Collider (RHIC) has extended the experimental
investigations at the center-of-mass energy per nucleon pair of √

s
NN

= 0.2 TeV. At
the LHC, in PbPb collisions at

√
sNN = 2.76 TeV it has become possible to use fully
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reconstructed energetic jets, Z and W bosons, isolated high-pT photons, and Υ mesons,
so-called “hard probes” to study the characteristics of the high energy density medium.

The CMS detector is well adapted to measure these hard probes, with its strong, 3.8 T
magnetic field, electromagnetic and hadronic calorimeters covering a large pseudorapidity
range |η| < 5.2, high-precision silicon tracking system (|η| < 2.4), large muon detectors
outside the superconducting solenoid and the calorimeter layers and the flexible, two-level
trigger system [4]. At very small angles with respect to the beam line, the CASTOR
calorimeter and the Zero-Degree Calorimeters (ZDCs) complement the central apparatus.

The high center-of-mass energy and the experimental capabilities make it possible to
study a variety of observables, among them the η-distributions of charged particles and
transverse energy; the Fourier spectrum of single-particle azimuthal-angle distributions
and two-particle correlations; electroweak “candles” like isolated photons and the Z and
W bosons. Furthermore, the good dimuon-mass resolution allows one to reconstruct the
members of the J/ψ and Υ families separately. Finally, various aspects of the energy
loss of hard-scattered partons as they traverse the created medium can be studied: the
suppression of high-pT charged particles, the pT -imbalance of reconstructed jet pairs as
a function of pT and centrality, and a comparison of jet fragmentation functions in PbPb
and pp collisions. Many of these results already utilize the data set collected in 2011.

2. – Bulk observables

The CMS apparatus is capable of detecting particles in a very wide kinematic range.
At the low transverse momentum end, charged hadrons down to pT ≈ 30 MeV/c have
been measured without magnetic field with the pixel layers of the inner tracker system.
Simple counting of pixel clusters and reconstructing two-point tracklets were in agreement
at the percent level. The measured number of charged particles per unit of pseudorapidity
is normalized by the number of nucleons participating in the collision according to the
Glauber-model, Npart, in each centrality class. The results can be seen in the left panel of
fig. 1 [5], compared to various model predictions, including the HIJING event generator
with two different gluon shadowing parameters [1], a calculation based on the gluon
saturation approach [2], and the DPMJET-III model [3]. The number of particles created
in the collision per participant nucleon increases with the total volume of the overlap zone,
and the measured particle densities provide constraints on the initial conditions of the
quark-gluon matter in any hydrodynamical approach.

The wide pseudorapidity coverage of the CMS calorimeters can be utilized to measure
the transverse energy produced in heavy-ion collisions, after corrections for calorimeter
energy scale, acceptance, and low-energy particles deflected by the magnetic field.

The collision energy dependence of the normalized transverse-energy distribution,
(dET /dη)/(〈Npart〉/2) is plotted in the right panel of fig. 1 for central PbPb collisions at
η = 0. Between the RHIC and LHC energies, the amount of transverse energy created
in the collision increases more quickly than the logarithm of s

NN
used to describe data

at lower energies. Similarly to the charged particle multiplicity, the energy dependence
is better described by sn

NN
with n ≈ 2. Between the top RHIC and LHC energies, the

normalized transverse-energy density increases by a factor of 3.3 ± 0.3, while the same
increase for the charged particle multiplicity is only 2.35 ± 0.15 [11].

The energy density per unit volume in a central PbPb collision is estimated using the
Bjorken-formula [12] to be 15 GeV/fm3, for a formation time of 1 fm/c and transverse
radius of 7 fm, which is hundred times more than the normal nuclear density.
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√
sNN .

The azimuthal anisotropy of the final state charged particles, characterized by the
second Fourier coefficient, v2, was measured as a function of pT , η and centrality using
various methods. The v2/ε ratio, where ε is the initial geometrical eccentricity of the
set of interacting (participating) nucleons, is expected to scale with the charged particle
density normalized by the transverse overlap area. Indeed, the left panel of fig. 2 shows
that the relation between the two quantities, that is thought to be related to the shear
viscosity to the entropy density ratio of the hydrodynamically evolving system, does not
depend on the collision energy between √

s
NN

= 62.4 and 2760 GeV [13].
Asymmetries in the azimuthal angle (φ) distributions of single particles lead to non-

uniform Δφ distributions of particle pairs. If the two particles are distant in terms of
pseudorapidity, the latter can be derived from the single-particle distributions using a
simple factorization. This observation allows for the extraction of the Fourier-coefficients,
v2 − v5 of the single-particle distributions from long-range (2 < |Δη| < 4) two-particle
correlations [14]. These coefficients measured in a given pT bin of selected particle pairs
is presented in the right panel of fig. 2.

3. – Hard probes

Hard scattering processes creating electroweak bosons play an important reference
role in the heavy-ion research at LHC, because these particles (γ, Z, W ) can be ob-
served without modification by the strongly interacting colored medium. Measurements
of the cross sections of isolated photons at high pT [15], as well as Z → μ+μ− [16] and
W± → μ±ν [17] processes in PbPb collisions were completed using the CMS electro-
magnetic calorimeters, tracker and muon systems and the capabilities of measuring the
missing transverse momentum, respectively. The production yields of these three par-
ticles, normalized by the nuclear overlap function, is consistent with that measured or
calculated for pp collisions at the same center-of-mass energy, as can be seen in fig. 3
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and fig. 5. Different yields of W+ and W− particles were observed in PbPb with respect
to that in pp collisions, reflecting the different u and d quark content in the proton and
neutron and the Z/A ratio of the Pb ion.

The good momentum resolution and precise vertexing capabilities of the CMS tracking
system make it possible to statistically separate the promptly produced J/ψ particles,
observed via their dimuon decay, from those originating from b-hadron decays, based
on the decay length distribution [18]. These particles are expected to be suppressed

Fig. 3. – Left: the dN/dy of Z → μ+μ− per event divided by the nuclear overlap function TAB

as a function of Npart, compared to theoretical predictions [6-10]. Right: centrality dependence
of the W± → μ±ν yields in PbPb and pp collisions. Yields are given for events where the muon
falls in the region |η| < 2.1 and pT > 25 GeV/c.



HEAVY-ION PHYSICS RESULTS FROM CMS 119

partN
0 50 100 150 200 250 300 350 400

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 = 200 GeV
NN

sAuAu

 (preliminary)ψSTAR: J/
 > 5 GeV/c, |y|<1.0

T
p

 = 2.76 TeV
NN

sPbPb

ψCMS: prompt J/

|y| < 2.4
 < 30 GeV/c

T
6.5 <  p

)2 (GeV/cμμm

7 8 9 10 11 12 13 14

 )2
E

ve
nt

s 
/ (

 0
.1

 G
eV

/c

0

100

200

300

400

500

600

700

800

 = 2.76 TeVNNsCMS PbPb

Cent. 0-100%, |y| < 2.4
-1bμ = 150 intL

 > 4 GeV/cμ

T
p

Preliminary

data

PbPb fit

pp shape

Fig. 4. – Left: RAA of prompt J/ψ vs. Npart compared to STAR. Right: dimuon invariant-mass
distribution from the PbPb data at

√
sNN = 2.76 TeV. The blue solid line shows the fit to the

PbPb data. The red dashed line shows the shape obtained from the fit to the pp data.

in a high-temperature environment due to Debye-screening, as a direct consequence of
deconfinement. The J/ψ yield, normalized by the nuclear overlap function and the
yield measured in pp collisions, which is called the nuclear modification factor, RAA, is
presented on the left panel of fig. 4 as a function of Npart. The strongest suppression
is observed in central PbPb events, exceeding that measured at RHIC in a somewhat
different pT and η range.

The other spectacular observation of quarkonium suppression is illustrated in the
right panel of fig. 4, where the Υ(1S), Υ(2S) and Υ(3S) mass peaks are shown in the
μ+μ− invariant mass distribution for both PbPb and pp collisions, with the Υ(1S) yields
nomalized between the two systems. In PbPb events the excited Υ states are suppressed
with respect to pp collisions, leading to a similar interpretation as for the J/ψ particles.

Summarizing the present knowledge on the single particle suppression, we can con-
clude that the production of charged hadrons [19] and J/ψ particles created from b-quark
decays are strongly suppressed in central PbPb collisions compared to the pp reference,
as demonstrated in fig. 5. The left panel compares the CMS measurement of charged
particle RAA, extending to pT = 100 GeV/c to lower energy data and various model pre-
dictions [20-25], while the right panel summarizes the results on γ, Z, and W production,
including b quarks [15-19].

The suppression of particle production at a given pT is thought to be a consequence
of the steeply decreasing pT distribution of particles combined with the energy loss of
hard-scattered partons which fragment into hadrons, as they traverse the hot and dense
medium created in the heavy-ion collision. Since this medium inherits an elongated ge-
ometrical shape from the nuclear overlap zone in the plane perpendicular to the beam
line, the azimuthal asymmetry of high-pT hadrons should be sensitive to the above men-
tioned energy loss as a function of path length covered in the hot plasma. Most of the
high-pT hadrons originate from the fragmentation of energetic jets, and thus their az-
imuthal asymmetry stems from completely different physical processes compared to low
pT , where the hydrodynamical evolution of the system plays a key role.
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The flexibility of the CMS trigger system allowed for the design and utilization of a
unique high-pT trigger, which selects events that contain a charged particle in the tracker
system above a given pT -threshold. Sufficient number of such collisions were recorded to
make the measurement of the v2 Fourier-coefficient possible up to pT ≈ 60 GeV/c [26].
The result is presented in fig. 6 as a function of pT in six centrality classes, proving that
the azimuthal asymmetry stays larger than zero up to about 40 GeV/c.
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The CMS calorimeter and tracking system is highly segmented and has a wide η-
coverage, and capable to deliver enough detail for jet reconstruction even in the high
multiplicity environment of central PbPb collisions. The energy contribution from the
underlying event is subtracted using a suitably designed algorithm [27]. This way, exper-
imental investigations of the parton energy loss can be taken to the next, deeper level,
bypassing the complications of the jet fragmentation process. Large imbalance between
the transverse momenta of the fully reconstructed leading (highest-pT ) and subleading
(second highest pT ) jets was observed, as compared to pp collisions, which is the direct
consequence of parton energy loss in the medium. The mean transverse-momentum ra-
tio, 〈pT,2/pT,1〉, of subleading and leading jets reconstructed back-to-back in azimuth
(requiring ΔΦ1,2 > 2π/3), is plotted in fig. 7, as a function of the transverse momentum
of the leading jet, pT,1, in three centrality classes. With increasing centrality, the im-
balance grows, while the difference between the measured ratio in PbPb collisions and
the reference (pp simulation embedded in simulated heavy-ion events) is independent of
transverse momentum. On the other hand, the sharp back-to-back correlation of the
leading and subleading jet in azimuthal angle, similar to jets in pp collisions, is preserved
also in PbPb collisions.

The CMS Collaboration investigated several further aspects of the jet momentum
imbalance. The momentum missing from the cone of the subleading jet was found back,
carried by low-pT particles and by particles outside of the jet cone [28]. Furthermore, jet
fragmentation functions were studied and compared between heavy-ion and pp collisions,
and the hard part of the fragmentation pattern was found to be remarkably similar
between jets created in the medium and those propagating in vacuum [29], independently
of the imbalance between the two jets. Recently, further evidence for parton energy
loss was presented in form of the momentum imbalance of γ-jet events [30]. The high-
energy frontier at the LHC has clearly opened up a new set of possibilities to carry out
detailed studies of the strongly interacting matter in an extended volume under extreme
conditions.
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4. – Summary

The CMS experiment has measured the particle and transverse-energy density created
in heavy-ion collisions, indicating the presence of strongly interacting medium with an
extremely high energy density, and various effects of collective motion, influenced by the
geometrical asymmetries of the initial nuclear overlap zone at the moment of the collision.
It was shown that the high-pT photons, Z and W bosons are not modified by the strongly
interacting medium created in high-energy heavy-ion collisions. These measurements
served as the first steps of the first gamma-jet correlation study at the LHC. On the other
hand, a strong suppression of charged hadrons, J/ψ and Υ particles and their excited
states was observed. The J/ψ mesons originating from b-quark decays were separated
from the prompt ones, and an indirect evidence for b-quark energy loss was provided.
The transverse-momentum imbalance of dijet events was studied in detail, indicating a
strong parton energy loss in the medium, with no significant modification of the angular
correlation between the jets. The momentum imbalance of jets is compensated by low-pT

particles over a large spread in angle with respect to the jet axis, while the fragmentation
functions observed in PbPb and pp collisions are similar, and independent of the parton
energy loss.
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Summary. — A selection of recent results on QCD, diffraction and exclusive
processes from the CMS experiment at LHC are here presented. The measurements
refer to data which have been collected in 2010, during proton-proton collisions at
the center-of-mass energy of

√
s = 7 TeV. The results rely on excellent performance

of the tracking systems as well as on unprecedented calorimetry pseudo-rapidity
coverage.

PACS 12.38.Qk – Quantum chromodynamics: Experimental tests.
PACS 13.85.-t – Hadron-induced high- and super-high-energy interactions
(energy > 10GeV).

1. – Introduction

LHC is the highest-energy proton-proton collider and, at the same time, the machine
where the lowest parton momentum fraction, ξ, can be achieved, allowing the exploration
of new regions of the parton dynamics phase space. This machine provides excellent
and unique opportunities to tune Monte Carlo generators and test the validity of QCD
and Standard Model predictions at high energy, as well as the possibility to study rare
processes. All the measurements here presented make use of the data collected in 2010,
during proton-proton collisions at the center of mass energy of

√
s = 7 TeV. For most

of them, the low pile-up conditions characterizing the 2010 data taking represent the
best environment to perform precision tests of QCD observables and forward physics
processes.

2. – The CMS detector

The CMS detector main component is a 6 m diameter, 13 m long solenoidal magnet,
operated to generate a 3.8 T magnetic field. Pixel and silicon strips tracking detectors are
located inside the solenoid, with a pseudo-rapidity |η| < 2.5 coverage. Always inside the
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solenoid and surrounding the tracking systems, there are a lead tungstate crystal elec-
tromagnetic calorimeter (ECAL), and a brass-scintillator hadronic calorimeter (HCAL),
covering |η| < 2.9 and < 3.0 regions, respectively. The pseudo-rapidity is defined as
η = − log[tan(θ/2)], where θ is the polar angle of the particle with respect to the beam
axis.

Outside the solenoid and embedded in the return yoke of the magnet, there are several
layers of muon chambers composed by drift tubes, resistive plate chambers and cathode
strip chambers. They form a high resolution and redundant muon detection system.

CMS is also equipped with Cerenkov calorimeters in the forward region, characterized
by a challenging environment due to the limited space and high radiation levels. The
hadronic forward calorimeter covers the range 2.9 < |η| < 5.2, the CASTOR calorime-
ter, located on the minus side, covers the range from 6.6 to 5.2, and the Zero-Degree
calorimeter extends the rapidity coverage beyond 8.1 (for neutral particles).

A detailed description of CMS can be found in [1].

3. – QCD results

Among the several measurements which are of great interest as QCD tests and QCD
model tunings, we presents the results obtained for the total (visible) proton-proton (pp)
inelastic cross section at

√
s = 7 TeV, measured with two independent methods covering

different phase space, and for the Underlying Event (UE) activity. Both measurements
are important for precision tests of Standard Model processes and new physics searches.

3.1. Inelastic proton-proton cross section measurement . – CMS has performed the
measurement of the visible inelastic proton-proton cross section with two independent
methods that make use of the central tracking system and of the hadronic forward
calorimeters [2, 3]. The calorimeter-based technique is especially sensitive to low-mass
states, boosted along the beam line, but might miss central diffractive events, while
the track method accounts for the events with central activity and does not cover high
rapidity events.

The track-based method makes use of the pile-up events (interactions which occur at
the same time of a given triggered bunch crossing) distributions, present during stan-
dard 2010 data taking, and relies on the high performance of the tracking system. The
technique is the following: in single-μ events, the distribution of extra vertexes is mea-
sured, in bins of instantaneous luminosity, separately for events having between one and
nine vertexes; the distributions obtained are corrected for the vertex reconstruction effi-
ciency; the visible cross section σpp is derived by fitting the corrected vertex distributions,
assuming that the probability of having n pile-up events is given by the Poisson law:

(1) P (n) =
(L · σpp)n

n!
e−L·σ

as a function of the instantaneous luminosity L.
This technique is repeated for three different categories of visible events, characterized

by having at least 2, 3 or 4 tracks with |η| < 2.4 and pT > 200 MeV. For each cate-
gory, the visible cross section measurement is referred to the corresponding hadron-level
definition which requires at least 2, 3 or 4 generated charged particles with |η| < 2.4
and pT > 200 MeV. The acceptance and reconstruction efficiency correction is derived
from the CMS detector simulation and it is totally model-independent. Figure 1 shows
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Fig. 1. – Fraction of events with > 1 track with pile-up events = 0–8 as a function of luminosity.
The dotted lines are Poisson fits.

the comparison of the distribution of vertexes in the data (for events with at least two
tracks) and in the MC, as a function of the instantaneous luminosity, for pile up from
0 to 8. The main source of systematic uncertainty is the error on the CMS luminosity
determination, which is 4%. The systematic checks performed include the usage of a dif-
ferent dataset, the study of dependency upon the fit parameters, vertex reconstruction
quality and efficiency corrections.

The measured values of σpp, for events with at least 2, 3 or 4 charged particles with
|η| < 2.4 and pT > 200 MeV, and their systematic errors are

σpp(> 1track) = [58.7 ± 2.0 (syst) ± 2.4 (lum)] mb,

σpp(> 2tracks) = [57.2 ± 2.0 (syst) ± 2.4 (lum)] mb,

σpp(> 3tracks) = [55.4 ± 2.0 (syst) ± 2.4 (lum)] mb.

In the HF-based method, the number of pp collisions which deposit at least E = 5 GeV
in either of the HF calorimeters are counted. The threshold of 5 GeV is used to reject
a large part of the detector noise still selecting pp collisions with high efficiency. The
analysis is performed using events triggered by the Zero-Bias condition (LHC colliding
beams in the given bunch crossing), collected during the low luminosity runs with pile
up probability ranging between 0.7% and 12%. The number of true pp collisions, which
are proportional to the cross section to be measured, are obtained by correcting the
measured counting for the selection efficiency, evaluated with Monte Carlo studies, the
pile up probability and the detector noise, measured in data with dedicated triggers.

At generator level, the HF activity requirements correspond to selecting events where
at least one proton looses more than a fraction ξ = 5 × 10−6 of its momentum. The
variable ξ is also defined as ξ = M2

X/s, where s is the squared center-of-mass energy and
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Fig. 2. – Comparison between the CMS measurements of the inelastic pp cross section for the
four different final states and the predictions of several Monte Carlo models. Monte Carlo
predictions have a common uncertainty of 1 mb (not shown).

MX is the mass of the higher system in the collision products, which is separated from
the rest by the largest rapidity gap in the event (for diffractive events ξ is the fraction
of momentum lost by the outgoing proton).

The measured visible cross section for events with ξ > 5 × 10−6 is

σpp(ξ > 5 × 10−6) = [60.2 ± 0.2 (stat) ± 1.1 (syst) ± 2.4 (lum)] mb,

where the systematic uncertainty takes into account the studies performed on selection
efficiency, contamination from lower ξ region, HF energy threshold, detector noise effects.

Figure 2 compares the four CMS results with the predictions of several models, from
Pythia6, Pythia8 tand Phojet as well as three models, based on the same Regge-
Gribov phenomenology as Phojet but with different implementations of various model
ingredients, commonly used in cosmic ray physics (Qgsjet, Sybill and Epos).

Phojet and Sybill overestimate the cross section by more than 20%, Epos, Qgsjet

(Q-II-03), Pythia6 and Pythia8 tunes are 10% above the measured cross sections,
while Qgs01 and Qgsjet (Q-II-04) agree within one standard deviation of the data
points.

3.2. Underlying event measurements. – In hadron-hadron scattering the underlying
event (UE) is defined as all the processes which can be attributed to the hadronization
of the partons involved in the hardest scatter. The underlying event is thus composed
by initial- and final-state radiations, the particles produced by the multiple parton in-
teractions (MPI) and the beam-beam-remnants (BBR) resulting from the hadronization
of the partonic constituents that did not participate in other scatterings. It is important
to measure and model correctly the underlying event for the precision measurements of
Standard Model processes and the search for new physics at high energies.
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To define observables which are sensitive to the UE activity, after having identified
the direction of the leading track or jet (reflecting the hard scatter parton direction),
charged particles are categorized according to their azimuthal distance Δφ w.r.t the
leading object. The particle production in the away region (|Δφ| > 120◦) is expected to
be dominated by the recoiling partons balancing the hard scatter whereas the transverse
region (60◦ < |Δφ| < 120◦) should be the best for the study of the underlying event.
The strength of the UE activity is measured in terms of the average charged-particle
multiplicity and the average scalar sum of pT of the charged particles, expressed as
density dividing by the area of the considered η × φ space.

CMS has performed the measurement of the underlying event activity at
√

s = 0.9 and
7 TeV [4,5], in minimum bias events where the hard scatter direction is identified by the
leading track-jet (highest pT object formed using a jet algorithm applied to reconstructed
tracks). The track-jet pT also defines the scale of the event. A strong increase of the
UE activity in the transverse region is observed with increasing leading track-jet pT . In
the 7 TeV data, the fast rise is followed by a plateau region, above 8 GeV/c, with nearly
constant multiplicity and small ΣpCH

T increase, indicating that particle production due
to MPI saturates. A strong growth in hadronic activity is also observed as a function of
the center-of-mass energy. Several tunes of Pythia6 and Pythia8 have been compared
to the measurements, with a good description of most distributions at 7 TeV and of the
dependence from 0.9 to 7 TeV provided by the Z1 tune.

A complementary method to study the underlying event is the one using the well-
known Drell-Yan di-muon final state qq̄ → μμ, with the di-muon invariant mass in the Z
mass range (60GeV < mμμ < 120 GeV) [6]. In this process it is possible to separate very
well the contribution due to the primary hard scatter and the background contamination
level is very low. The average charged-particle multiplicity density and the average ΣpCH

T

density are studied in the three distinct topological regions, away, transverse and towards,
defined with respect to the resulting direction of the di-muons system, as a function of
di-muon invariant mass and transverse pT . After excluding the muons of the DY event,
the activity in the transverse region is found to be higher than the activity in the towards
region due to the spill-over contribution from the hadronic recoil activity in the away
region, as shown in fig. 3. The UE activity shows a small growth as a function of pμμ

T

mainly due to the increase of radiations, combined with a saturated MPI contribution as
the scale of the hard process is high (∼ MZ). These measurements have been compared
to predictions of various Pythia tunes, Pythia6 Z1, Pythia6 DW and Pythia8 4C.
These models differ in the PDF description, in the implementation of initial and final
state radiations, fragmentation and the MPI. The average ΣpCH

T density is described
well by the Pythia6 Z1 tune with a maximum discrepancy of 10% at small values of
pμμ

T , whereas the average charged particle density is in agreement with the prediction of
Pythia6 Z1 and DW. Pythia8 4C predictions show good agreement with the data only
at small pμμ

T .

4. – Measurement of hard diffraction at LHC

Evidence of hard diffraction at the LHC has been observed in events associated to
W and Z boson production with large rapidity gaps (LRG) [7]. In particular, a large
asymmetry in the signed pseudo-rapidity (particle charge ×|η| distribution) of the W and
Z-decay leptons is observed. This asymmetry is well described by the prediction of the
POMPYT generator. The diffractive component is determined to be 50.0 ± 9.3(stat.) ±
5.2(syst.)% and provides the first evidence of diffractive W/Z production at the LHC.



128 R. ARCIDIACONO on behalf of the CMS COLLABORATION

Fig. 3. – Plots on the top (bottom) row show the average charged particle multiplicity and ΣpCH
T

densities as a function of pμμ
T in the towards (transverse) region, as measured in DY di-muon

events after having excluded the two muons.

Another recent result, based on an integrated luminosity of 2.7 nb−1 collected in
2010 with very low pile up conditions, refers to the measurement of single-diffractive
di-jet events [8]. The events are selected requiring two jets with transverse momentum
pT > 20 GeV in the range |η| < 4.4. The differential cross section for di-jet production
is shown in fig. 4 as a function of the reconstructed ξ, a variable that approximates
the fractional momentum loss of one of the scattered protons in single diffractive pp
collisions. The results are compared to the predictions of diffractive and non-diffractive
Monte Carlo models. The low-ξ events are dominated by diffractive di-jet production.

5. – Exclusive processes at LHC

In central exclusive productions, i.e. pp → p + X + p, the colliding protons remain
intact with small transverse momentum after an interaction and all the transferred energy
goes into a central color singlet system, which is fully measured. No other particles are
produced in the interaction and large rapidity gaps are present. Three main types of
exclusive process are QED γγ interaction (e.g., exclusive μ+μ−, e+e− production), γIP
fusion (e.g., exclusive Υ production) and IPIP exchange (e.g., exclusive γγ or Higgs boson
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Fig. 4. – On the left: transverse-momentum distribution of the first—highest pT —jet for data
(black points) and non-diffractive MC generators (PYTHIA6 Z2 and PYTHIA8 tune 1). On
the right: differential cross section for di-jet events as a function of reconstructed ξ. The
predictions of non-diffractive (PYTHIA6 Z2 and PYTHIA8 tune 1) and diffractive (POMPYT
SD, POMWIG SD and PYTHIA8 SD+DD) MC generators are also shown.

production), where IP denotes a pomeron. Recent results on exclusive γγ production of
μ+μ−, e+e−, and on the double Pomeron exchange production of γγ final states are here
presented.

5.1. Exlcusive di-muon events. – A measurement of the exclusive two-photon pro-
duction of muon pairs, pp → p + μ+μ− + p has been performed on the complete 2010
dataset of 40 pb−1 [9]. This QED process has small theoretical uncertainties and strik-
ing kinematic distributions, which make it an attractive candidate for absolute calibra-
tion of luminosity of pp collisions. Events are selected requiring to have one vertex
with only two tracks (muons) associated, within 2 mm; both muons transverse momen-
tum pT > 4 GeV and located in the pseudo-rapidity region |η| < 2.1. Moreover the
di-muon invariant mass has to be greater than 11.5 GeV, to remove the contribution
from exclusive photoproduction of upsilon mesons. The exclusivity condition is imposed
only on the primary vertex, using the tracking system only. For muon pairs thus se-
lected, a fit to the pT (μ+μ−) distribution results in a measured partial cross section of
σ = [3.380.58

−0.55(stat.) ± 0.16(syst.) ± 0.14(lumi)] pb. The ratio to the predicted value is
0.830.14

0.13(stat.)± 0.04(syst.). The characteristic distributions of the muon pairs produced
via γγ fusion, such as the muon acoplanarity, the muon pair invariant mass and trans-
verse momentum, are well described by the full detector simulation using the LPAIR
event generator.

5.2. Search for exclusive di-photon/di-electron events. – Central exclusive γγ and e+e−

events have been studied in a data sample corresponding to an integrated luminosity of
36 pb−1 [10]. Since an overlapping inelastic pp interaction, in the same beam crossing,
would spoil the exclusivity condition and make the exclusive interaction unobservable,
only beam crossings with single interactions (no pile-up) are used in this analysis.

The exclusive γγ (e+e−) event signature requires two reconstructed photon candidates
(one positron and one electron candidates), each with transverse energy ET > 5.5 GeV
and pseudo-rapidity |η| < 2.5, and no other particles detected in the range |η| < 5.2. The
incident protons stay intact, or diffractively dissociate, escaping along the beam direction
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Fig. 5. – Di-electron invariant mass (left) and pT distributions (right) for the exclusive e+e−

events, compared to the LPAIR Monte Carlo predictions for the exclusive (El-El) and semi-
exclusive (Inel-El, Inel-Inel) categories.

without being detected. The detector noise and beam background have been studied in
zerobias and unpaired bunches events.

No di-photon candidate satisfies all the selection criteria. An upper limit on the cross
section of pp → p + γγ + p with ET (γ) > 5.5 GeV and |η| < 2.5 is set at 1.30 pb with
95% confidence level.

For the di-electron channel, 17 e+e− candidates on a background of 0.84±0.28 (stat.)
events are observed. The theoretical QED prediction evaluated with the event generator
LPAIR is 16.5 ± 1.7(theo.) ± 1.2(syst.) events. The semi-exclusive e+e− having one or
both protons dissociated and escape undetected are here considered as signal. Figure 5
shows the di-electron invariant mass and the pT distributions, in good agreement with
the QED predictions.
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Summary. — Measurements of jet and photon production performed with data
collected during 2010 with the ATLAS detector at the LHC are surveyed. They
are compared to leading-order and next-to-leading-order calculations, providing a
breadth of tests of QCD at a new energy regime. Agreement is generally found
with the most sophisticated calculations, except in regions of phase space where
the calculations are expected to reach certain limitations. For those observables
for which they are available, next-to-leading-order calculations matched to parton
showers are shown to exhibit a large dependence on the choice of parton shower tune,
comparable in size to the estimated uncertainties of the perturbative calculations.

PACS 12.38.Qk – Quantum chromodynamics: Experimental tests.
PACS 13.85.Qk – Inclusive production with identified leptons, photons or other
non-hadronic particles.
PACS 13.87.-a – Jets in large-Q2 scattering.

1. – Introduction

The study of the production of jets and photons in proton-proton collisions encom-
passes a wide variety of key observables in high-energy physics. Photon and jet pro-
duction can be used to measure the strong coupling constant, obtain information about
the proton and photon structures, and provide constraints and develop tools for searches
of physics beyond the Standard Model. In what follows, some of the measurements
of photon and jet production performed up to date with the ATLAS detector at the
LHC are shown and discussed, as well as comparisons to a variety of perturbative QCD
calculations combined with models of non-perturbative effects. Photon and jet recon-
struction are also discussed, since they constitute a large component of the experimental
uncertainties in the measurements presented.

2. – Photon and jet reconstruction and performance

The ATLAS calorimeters are used primarily in the reconstruction and identification
of photons and jets [1]. A liquid-argon/lead electromagnetic (EM) calorimeter with fine
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segmentation in pseudorapidity (η) and φ, and additional segmentation along the direc-
tion of the shower development, covers the pseudorapidity range of |η| < 3.2. Hadronic
calorimeters, built using scintillating tiles and iron for |η| < 1.7 and liquid argon and
copper in the end-cap (1.5 < |η| < 3.2), complement the EM calorimeter. Forward
calorimeters extend the coverage to |η| = 4.9, and are used only for jet reconstruction in
this document.

2.1. Photon reconstruction and identification. – Photons are reconstructed using the
full longitudinal segmentation of the EM calorimeter. Photon identification is performed
using properties of the longitudinal and transverse shower development, and includes the
rejection of showers that leak into the hadronic calorimeter. For the tight identification
used in the measurements presented, cuts are performed on nine shower shape variables.
Observed differences between these variables in data and Monte Carlo simulation are
considered in the estimation of the systematic uncertainties in purity and efficiency mea-
surements. An additional isolation cut is performed on the energy deposited in a cone of
radius 0.4 in [η, φ] around the photon candidate to reduce fakes in the analyses discussed
in this document.

One of the dominant systematic uncertainties in measurements with photons arises
from uncertainties in the measurement of photon purities. One of the methods used
for this measurement is illustrated at the top of fig. 1a. The measurement exploits the
isolation cut and the removal of some of the tight selection requirements to build three
control regions with enhanced background contributions. The estimate of the number
of background events in the signal region is obtained as the ratio of events in regions C
to D, normalized by the number of background events found in region B. The method
includes corrections for signal contamination in the control regions. The bottom of the
figure represents an extension of the method needed for diphoton measurements, where
the purity of the subleading photon is estimated with a similar approach when the leading
photon falls in the signal region.

Measured purities have been cross-checked with several methods, including one illus-
trated in fig. 1b, where the isolation variable across regions A and B is considered as a
continuous variable and a template fit is performed to obtain the background and signal
contributions. The background templates are obtained in regions C and D. Results are
consistent for all methods used.

Systematic uncertainties in the purity estimates arise from the degree of correlations
between the different regions, differences in the shower shapes between data and Monte
Carlo simulations, and definition of the C and D regions, among other less significant
effects. The purity estimate obtained for one of the prompt photon measurements pre-
sented is shown in fig. 1c with its associated systematic uncertainties.

2.2. Jet reconstruction and systematic uncertainties in the jet energy scale. –
Calorimeter jets are reconstructed using the anti-kt jet algorithm [4] with resolution
parameters R = 0.4, 0.6 and a four-momentum recombination scheme. Jets are con-
structed with topological clusters at the electromagnetic scale and calibrated with a
scheme designed to bring the calorimeter jet energy to the energy of the truth particle
jets on average [5]. Truth particle jets are reconstructed using the same algorithm as
calorimeter jets but using as input stable particles with a lifetime longer than 10 ps after
hadronization.

Systematic uncertainties in the jet energy scale are estimated propagating to jets mea-
surements of the response of single particles. The measurements have been performed
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Fig. 1. – (a): Illustration of control regions built to estimate the purity of the photon selection
in the diphoton analysis [2]. (b): Template fit to the photon isolation in the tight region for
the diphoton cross section measurement [2]. Note that the isolation energy can be negative due
to detector resolution effects. (c): Measured purities for different photon rapidity regions as
a function of the photon pT for the prompt photon production measurement [3]. Systematic
uncertainties in the purity are shown as shaded error bands.

using test beams [6] and collision data [7]. The response of certain neutral particles
has not been measured, and a conservative systematic uncertainty is estimated using
different models of the hadronic shower in the detector simulation [5]. Additional sys-
tematic uncertainties are considered to account for fragmentation effects in the particle
pT spectrum inside the jet, the limited knowledge of the dead material in the final de-
tector configuration, and the impact of threshold effects for particles showering in the
dense environment inside a jet. The total systematic uncertainty and these individual
components are shown in fig. 2 (left).

Since the single particle analysis can only be performed in the central region of the
detector that was represented in the test beam measurements, an additional systematic
uncertainty is added to account for differences in the calibration as a function of η. This
uncertainty is estimated in situ using the pT balance of jets in a dijet system, and it is
dominated by limitations in the in situ method that make it sensitive to the modeling
of the physics in dijet events. This is illustrated in fig. 2 (right), where different models
of the underlying physics are represented by different Monte Carlo simulations.
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3. – Benchmark measurements

Photon and diphoton production measurements, as well as inclusive jet and dijet
production measurements, have been performed at lower energies in a variety of colliders,
and constitute the basic, yet insightful, building blocks of the jet and photon physics
program with the ATLAS detector.

3.1. Prompt photon and photon+jet production measurements . – Figure 3 (left) shows
a measurement of the differential cross section for isolated photon production as a func-
tion of photon ET. Two measurements are shown, one covering the low-ET region,
performed with early data, and another one performed with the full 2010 dataset. Only
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the measurement in the central rapidity bin is shown. The result is compared to a
next-to-leading-order calculation and shows differences at low ET which are, however,
consistent with the calculation within systematic uncertainties.

In hadron colliders, prompt photon production happens primarily in association with
a jet. Explicit study of the correlations between the photon and the jet allows for further
understanding of the details of parameters entering theoretical calculations such as the
proton structure functions. Figure 3 (right) shows a measurement of the differential cross
section for isolated photon production as a function of photon ET when the photon is
produced in the same rapidity hemisphere as an associated jet with pT > 20GeV. Similar
agreement with theory as in the prompt photon production measurement is found, and
no significant dependence on the hemisphere correlations has been observed.

3.2. Diphoton production measurement . – Figure 4 shows differential cross section
measurements as a function of diphoton pT (left) and opening angle in φ between the
photons (right) for isolated photons. Comparisons are performed to a next-to-leading or-
der calculation (DIPHOX) and a next-to-leading-order calculation with a parameterized
treatment of photon fragmentation and resummation of next-to-next-to-leading loga-
rithms (ResBos). The differential cross section as a function of pT is well described by
both calculations, as well as the differential cross section as a function of the invariant
mass (not shown). Both calculations, however, fail to predict a Δφ distribution that is
less strongly peaked for back-to-back configurations. The prediction provided by ResBos
is closer to the data, as expected, due to the impact of large logarithms on event shape
variables.

3.3. Inclusive and dijet production measurements. – Figure 5 shows the ratio of the
measured inclusive jet cross section to a baseline next-to-leading-order calculation cor-
rected for non-perturbative effects. The ratios of different predictions of a next-to-lead-
ing-order calculation matched with different parton showers to the baseline calculation
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Fig. 5. – Ratio of measured inclusive jet cross section to next-to-leading-order calculation using
NLOJet++ and the CT10 parton distribution functions (solid points). Different rapidity bins are
shown and jets built with R = 0.4 are used. The shaded area around the data points represent
the systematic uncertainty in the measurement. The hatched area around 1 represents the
systematic uncertainty in the next-to-leading-order calculation. The other markers represent
the next-to-leading-order calculation matched to parton showers implemented in POWHEG
with different tunes and implementations [10].

are also shown. The measurement agrees within systematic uncertainties with the fixed-
order prediction, except in the highest pT and rapidity bins. The measurement is, how-
ever, systematically lower than the prediction. This effect has been shown to become
significantly smaller when using jets built with R = 0.6 [10]. The predictions from cal-
culations with different parton showers show a large spread, of size comparable to that
of the uncertainties in the perturbative calculation.

Figure 6 presents the dijet cross section measurement as a function of the dijet invari-
ant mass compared to theoretical calculations as in fig 5. The measurement is binned
in y∗, the rapidity of the dijet system in its center of mass. The results show similar
features to those observed in the inclusive jet measurement.

4. – Further measurements and insight into QCD

The availability of a higher center-of-mass energy at the LHC, and new theoretical
tools allows for additional measurements that provide further insight into QCD. A small
selection of such measurements is discussed in what follows.

4.1. b-jet cross section measurements. – Figure 7 shows the ratio of the measured
inclusive b-jet cross section to two next-to-leading-order predictions matched to parton
showers. Agreement is found between data and the prediction obtained with POWHEG,
and it has been shown to not depend on whether POWHEG is interfaced to Pythia
or Herwig/Jimmy. A significant disagreement is, however, found in comparisons with
MC@NLO, demonstrating the importance of the details of the matching of the next-to-
leading-order calculations to the parton shower.
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Fig. 6. – Ratio of measured dijet cross section to next-to-leading-order calculation using NLO-
Jet++ and the CT10 parton distribution functions (solid points). Different y∗ bins are shown
and jets built with R = 0.4 are used. The different curves shown are as in fig. 5 [10].

Fig. 7. – Ratio of measured inclusive b-jet cross section to next-to-leading-order calculations
interfaced to parton showers. Measured cross sections are shown as calculated through fits to
vertex properties and to properties of a muon associated to the jet when enough events were
available. Theory predictions correspond to those obtained with POWHEG+Pythia (left) and
MC@NLO+Herwig/Jimmy (right). Results are shown in the full rapidity range studied (top
figures) and for different rapidity ranges. Statistical uncertainties are shown as dark error bars
and the total uncertainty as lighter error bands [11]. The shaded band around 1 represents
the statistical uncertainties in the theoretical calculation, scale and proton structure function
uncertainties being small compared to the uncertainties in the measurement.
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4.2. Multijet cross section measurements. – Figure 8 shows the measurement of the
production cross section as a function of the inclusive jet multiplicity and the measure-
ment of the ratio of the 3-jet to 2-jet cross sections as a function of the sum of the pT of
the two leading jets (H(2)

T ). The shape of the inclusive jet multiplicity distribution de-
pends largely on the parton shower tune used, and does not agree with the measurement
for the highest multiplicities for most tunes.

The cross section ratio measurement compares well to the next-to-leading-order cal-
culation, except in the lowest bin, where kinematic cuts in the selection are likely to
constrain the phase space to regions where the next-to-leading-order calculation reaches
its limitations. Systematic uncertainties in the ratio measurement are comparable to
theoretical uncertainties in the calculation. Jets built with R = 0.6 are used in this
comparison. Results using R = 0.4 show larger uncertainties in the perturbative calcu-
lation [12].

5. – Conclusions and future prospects

Comparisons have been shown for a variety of measurements and next-to-leading-
order calculations, including calculations matched to parton showers. Generally, agree-
ment is found between data and the theoretical calculations, and the uncertainties in the
measurement are of comparable in size to those in the perturbative calculations. Compar-
isons with different parton shower tunes interfaced to matrix-element calculations have
revealed the importance of the choice of tune when attempting to understand systematic
effects in the predictions. Work to understand the differences between the tunes will help
future measurements and searches for physics beyond the Standard Model. In addition,
new analyses are being performed that will use the current measurements to constrain
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the parameters entering QCD calculations and gain the fundamental understanding that
will allow for a comprehensive physics program using jet substructure [13].
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Summary. — Since the beginning of Run II at the Fermilab Tevatron, the QCD
physics groups of the CDF and D0 Collaborations have worked to reach unprecen-
dented levels of precision for many QCD observables. This note summarizes im-
portant recent measurements with dataset corresponding to up to 8 fb−1 of total
integrated luminosity.

PACS 12.38.-t – Quantum chromodynamics.

1. – Introduction

The Tevatron collider at Fermilab provides collisions of protons with anti-protons at a
center-of-mass evergy of 1.96 TeV. By the end of the Tevatron Run II, the multipurpose
detectors of the CDF [1] and D0 [2] experiments were delivered a total integrated lumi-
nosity of about 12 fb−1. This large amount of data is exploit in order to make important
progress in constraining and confirming the calculations of quantum chromodymanics
(QCD) theory. Precise measurements of QCD observables in hadron-hadron collisions,
such as jet cross sections, constrain parton density functions (PDFs) and confirms the
predictive power of theory. This results in a better control of the standard QCD pro-
duction calculations, which are used to predict major backgrounds for many important
physical processes. In addition, the specific QCD processes which pose challanges to New
Physics searches such a supersymmetry and Higgs production can be measured directly
with the increased size of available datasets.

In this note some of the recent measurements from the CDF and D0 Collaborations
are reviewed. These measurements are related to QCD hard scattering processes. A
brief introduction to the structure of hadronic collisions is useful as a motivation for
jet definition. Hadronic collision may be factorized into perturbative components (hard
scattering and initial and final state radiation) and non-perturbative components (beam
remnants and multiple parton interactions). These components are illustrated in fig. 1.

This simple picture is an example of processes which are modeled by Monte Carlo
generating programs to simulate hadronic collisions. The picture becomes more compli-
cated when the properties of QCD color confinement and detector effects are included.
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Fig. 1. – Simple model for hadronic collisions.

The colored partons must hadronize into color neutral hadrons. These particles are then
clustered into jets by jets algorithms. Jets may be clustered at the parton (quarks and
gluons), particle (hadrons) or detector (calorimeter towers) level. Measurements are
made at the detector level, but it is useful to use the parton and particle level jets from
Monte Carlo simulations to derive corrections to the measured quantities.

The analyses discussed in this note focus on the perturbative component of the colli-
sion and do not include studies of the non-perturbative regime (where pQCD fails), such
as the “soft” interactions generating the underlying event which accompanies the “hard”
collision.

2. – Angular decorrelatoins in γ + 2(3) jets

The D0 Collaboration used inclusive γ+2 jets and γ+3 jets events with an integrated
luminosity of about 1 fb−1 to measure cross sections as a function of the angle in the
plane transverse to the beam direction between the transverse momentum (PT ) of the
γ + leading jet system (jets are ordered in PT ) and the PT of the other jet for the γ + 2
jet events, or PT sum of the two other jets for the γ + 3 jet events, [3]. Differential cross
sections were studies in three bins of the second jet PT . The results are compared to
different Multiple Particle Intercation (MPI) models and demonstrate that the prediction
of the Single Particle (SP) models do not describe the measurements, and an additional
contribution from Double Parton (DP) events is required to describe the data. The
data favors the predictions of the new PYTHIA MPI models with PT -ordered showers,
implemented in the Perugia and and S0 tunes, and also SHERPA with its default MPI
model. Predictions from previous PYTHIA MPI models with tunes A and DW are
disfavored. The results of these measurements are shown in fig. 2.

3. – Three jet mass cross section

Using about 0.7 fb−1 of integrated luminosity collected by the D0 experiment, dif-
ferential cross sections for three jet mass were measured, [4]. In this measurement jets
are defined by the midpoint cone algorithm with cone size R = 0.7. Five scenarios were
considered, where the rapidities of the three leading PT jets are restricted to |y| < 0.8,
|y| < 1.6, |y| < 2.4. The transverse momentum selection required PT1 > 150 GeV/c, and
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Fig. 2. – On the left: normalized differential cross section in γ+3 jet events, (1/σγ3j)dσγ3j/dΔS,
in data compared to MC models, and the ratio of data over theory, only for models including
MPI, in the range 15 < P jet2

T < 30 GeV. On the right: normalized differential cross section in
γ + 2 jet events, (1/σγ2j)dσγ2j/dΔS, in data compared to MC models, and the ratio of data
over theory, only for models including MPI, in the range 15 < P jet2

T < 20 GeV.

PT3 > 40 GeV/c. For |y| < 2.4 additional measurements are made for PT3 > 70 GeV
and PT3 > 100 GeV. Figure 3 shows results for the differential three jet cross section in
M3j , for different rapidity ranges and for different PT criteria. The data are compared
to theoretical models of NLO pQCD and non-perturbative corrections. The renormal-
ization and factorization scales are set to the average PT of the three leading PT jets:
μR = μF = μ0 = (PT1 +PT2 +PT3)/3. Figure 4 shows the ratio between data and theory

Fig. 3. – D0 measurement of the three-jet cross section as a function of the three-jet invariant
mass in different rapidity regions (left) and for different PT3 requirements (right).
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Fig. 4. – Ratios between data and theory for the D0 three-jet cross section measurement. The
ratios are comupted for different PDFs and are shown as a function of the three-jet invariant
mass in different rapidity regions and for different PT3 requirements.

for different PFDs. The data are reasonably well described by the next-to-leading order
calculation done with NLOJET++ and the MSTW2008NLO PDFs.

4. – W + jets production

The measurements of inclusive W (→ eν) + n jets cross sections (n = 1, 2, 3, 4), pre-
sented as total inclusive cross sections and differentially in the n-th jet transverse mo-
mentum was done by the D0 Collaboration [5]. The measurements are made using data
corresponding to an integrated luminosity of 4.2 fb−1. The selection for W +n jet events
include the following criteria: presence of a central electron with PT > 15 Gev, missing
transverse energy > 20 GeV, transverse mass of the W boson candidate > 40 GeV/c, and
the jet transverse momentum > 20 GeV. The spatial distance between the cone and the
nearest jet is required to be ΔR > 0.5. Acceptance corrections and background contribu-
tions from Z +jets, top pair production, diboson and single top production are estimated
using different MC events generators [5]. The backgrounds from multijet production are
determined using aa data driven method. Figure 5 shows these cross section results as
a function of PT of the first, second, third and forth jet, and compared to pQCD pre-
dictions in NLO (for njet < 3) or LO (for njet = 4). Within their uncertainties, the
NLO pQCD predictions agree pretty well with the data, except for the low PT region
for W + 1 jet and high-PT region for W + 3 jets. The LO predictions for W + 4 jets
agree with the data, but have very large uncertainties from the renormalization scale
dependence.

5. – Observation of W boson + single-charm production

Calculations of W + heavy quark production are available at leading order (LO) and
next-to-leading order (NLO) QCD [6], with the NLO cross section about 50% larger than
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Fig. 5. – Measured W + n jet differential cross section as a function of n-th jet PT for jet
multiplicities n = 14, normalized to the inclusive W → e cross section. W + 1 jet inclusive
spectra are shown by the top curve, the W + 4 jet inclusive spectra by the bottom curve. The
measurements are compared to the fixed-order NLO predictions for the jet multiplicities n = 13,
and to LO predictions for n = 4.

at LO. Overall, the uncertainty on the NLO theoretical expectation for W boson + single-
charm quark production at the Tevatron is about 1020%, depending on the charm phase
space, with the largest uncertainties due to the choice of factorization and renormalization
scales and the shape of the s quark PDF.

The CDF Collaboration performed the first observation of the pp̄ → Wc production
cross section at the Tevatron collider [7]. The charm quark is identified through the
semileptonic decay of the charm hadron into an electron or muon (soft leptons). The Wc
production cross section is determined first separately using soft electrons and soft muons,
and then the two measurements are combined. The analysis exploits the correlation
between the charge of the W boson and the charge of the soft lepton from the semileptonic
decay of the charmed hadron. Charge conservation in the process gq → Wc (q = d, s)
allows as final states only the pairings W+c̄ and Wc; as a result, the charge of the
lepton from the semileptonic decay of the c quark and the charge of the W boson are
always of opposite sign. In practice, this correlation is diluted in the reconstructed
events due to hadronic decays in flight and hadrons misidentified as soft leptons. These
contaminations in the signal selection and other background contributions, such as W +
jets and Z + jets production, top pair production and single top, as well as diboson
and multijet production, are considered in the analysis. The W is identified through
its leptonic decay. The measured production cross section σWc(PTc > 20GeV/c, |ηc| <
1.5) − B(W → lν) = 13.3 + 3.3 pb, in agreement with theoretical expectations, with a
significance for the Wc signal of 6.4σ.
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Fig. 6. – The angularity distribution for midpoint jets with PT > 400 GeV/c. The tt̄ rejection
cuts and requirement for 90GeV < mj1 < 120 GeV are applied. The PYTHIA calculation (red
dashed line) and the pQCD kinematic endpoints are shown (left); The planar flow distributions
after applying the top rejection cuts and requiring 130GeV < mj1 < 210GeV. PYTHIA QCD
(red dashed line) and tt̄ (blue dotted line) jets are shown (right).

6. – Jet substructure

The study of high-transverse-momentum massive jets provides an important test of
pQCD and gives an insight into the parton showering mechanism. In addition, massive
boosted jets compose an important background in searches for various new physics mod-
els, the Higgs boson, and highly boosted top quark pair production. Particularly relevant
is the case where the decay of a heavy resonance produces high-PT top quarks that decay
hadronically. In all these cases, the hadronic decay products can be detected as a single
jet with substructure that differs from pQCD jets once the jet PT is greater than 400–
500 GeV/c. The CDF Collaboration performed a measurement of substructure of jets
with PT > 400 GeV/c by studing distributions of the jet mass and measuring angularity,
the variable describing the energy distribution inside the jet, and planar flow, the vari-
able differentiating between two-prong and three-prong decays [8]. At small cone sizes
and large jet mass, these variables are expected to be quite robust against soft radiation
and allow, in principle, a comparison with theoretical predictions in addition to compar-
ison with MC results. Jets are reconstructed with the midpoint cone algorithm (cone
radii R = 0.4, 0.7, and 1.0) and with the antikt algorithm [9] (with distance parameter
R = 0.7). Events are selected in a sample with 6 fb−1 based on the inclusive jet trigger.
There is a good agreement between the measurement and the analytic predictions and
with PYTHIA MC predictions. The midpoint and antikt algorithms have very similar
jet substructure distributions for high mass jets, see fig. 6. The angularity distribution
shown on fig. 6 (left) in addition to reasonable agreement data and PYTHIA MC also
demonstrates that the high-mass jets coming from light quark and gluon production are
consistent with two-body final states and that further rejection against high mass QCD
jets can be obtained by using the planar flow variable, fig. 6 (right).

7. – Conclusions

Measurements from the Tevatron Run II defined a new level of QCD precision mea-
surements in hadron-hadron collisions. Several results from the Tevatron were reviewed
in this note mostly showing nice agreement with NLO predictions. The QCD programs of
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the CDF and D0 Collaborations have been dedicated to testing and constraining pQCD
and also measuring cross sections of important background processes. These studies are
important for many searches at the Large Hadron Collider (LHC), where measurements
of this type are among the first to be made using LHC data [10,11].
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Summary. — The LHCb experiment is instrumented in the forward region. Due to
this, it can provide QCD and electroweak measurements complementary to the other
LHC experiments. The W and Z production cross-sections have been measured in
proton-proton collisions at

√
s = 7 TeV. The measurements of the production cross-

section of the Ψ(2S) meson and the Υ mesons are reported. The observation of
double-charm production is also discussed.

PACS 14.70.Fm – W bosons.
PACS 14.70.Hp – Z bosons.
PACS 14.40.Pq – Heavy quarkonia.

1. – Introduction

The LHCb experiment is designed to investigate the properties of the heavy-quark sec-
tor and aims to study CP -violation processes and rare decays involving b and c hadrons.
It can also be used to study QCD and electroweak processes. The bb pair production
are strongly correlated at small angle with respect to the beam line, therefore the LHCb
detector [1] has been designed as a single-arm forward spectrometer covering a pseudo-
rapidity range 2 < η < 5. The detector consists of a silicon vertex detector, a dipole
magnet, a tracking system, two ring-imaging Cherenkov (RICH) detectors, a calorimeter
system and a muon system.

The LHCb experiments made several measurements in the soft QCD sector (baryon
number transport, strange baryon suppression, charged track multiplicity, inclusive φ
cross-section, etc. . . ) as well as in the quarkonium physics. In these proceedings we will
present some of the latest results on electroweak physics (sect. 2) and quarkonia (sect. 3).

2. – Electroweak measurements

The W and Z production cross-sections at
√

s = 7 TeV energy are measured using
the decays W → μν, Z → μμ and Z → ττ . The W production charge asymmetry has
been also measured as a function of the lepton pseudorapidity.

c© CERN on behalf of the LHCb Collaboration under CC BY-NC 3.0 149
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Fig. 1. – Left: Di-muon invariant mass of Z candidates: data points are fitted to a Crystal Ball
function (signal) on an exponential (background). Right: pT distribution for negative (left) and
positive (right) charged muons.

This analysis uses
∫
L = (16.5 ± 1.7) pb−1 of data, collected during 2010 [2]. This

results are recently updated with a larger statistic sample [3].

Z → μ+μ− selection. – Concerning the Z → μμ, the events are selected by requiring
two well reconstructed muons with a transverse momentum, pT , greater than 20 GeV/c
and lying in the pseudorapidity (η) range between 2.0 and 4.5. To further identify
Z → μ+μ− events, the invariant mass is required to be consistent with Z production
by imposing the mass constraint 81 GeV/c2, Mμμ < 101 GeV/c2. 833 candidate events
satisfy these criteria.

W → μν selection. – The signature for a W boson is a single isolated high-transverse-
momentum lepton and minimal other activity in the event. As the background contami-
nation is expected to be larger than in Z events, additional criteria to the pT > 20 GeV/c
and 2.0 < η < 4.5 requirements are imposed; consistency with the primary vertex and
muon isolation. Semi-leptonic B and D meson decays are suppressed by requiring the
impact parameter significance of the muon with respect to the primary vertex to be less
than 2. Isolation is imposed by demanding that the summed transverse energy in a cone
of radius

√
Δη2 + Δφ2 = 0.5 around the muon is less than 2 GeV/c. 7624W+ → μ+ν

and 5732W− → μ−ν candidates pass these requirements.
A detailed background study is performed: Z → μ+μ− where one of the muons goes

outside the LHCb geometrical acceptance; W → τν and Z → ττ where one tau decays
leptonically inside the detector to a muon; b and c events containing semi-leptonic decays
with a muon in the final state; generic QCD events where pions or kaons are misidentified
as muons (decay in flight or punch-through).

The signal yield is estimated by fitting the lepton pT spectrum to the shapes expected
for signal (simulation) and each background class (simulation and data-driven by anti-
cuts) in 5 bins of the lepton pseudorapidity. The W selected candidates and the result
of the fit are shown in fig. 1 (right). The fit estimates that (34 ± 1)% of the sample is
composed by W+ → μ+ν, (26 ± 1)% by W− → μ−ν and (31 ± 1)% is due to the QCD
background.
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Fig. 2. – Left: Differential cross-section for Z production in bins of boson rapidity. Right: W
charge asymmetry in bins of lepton pseudorapidity. The points are the measured data (statistical
and systematic errors combined) compared to the NLO prediction with the MSTW084 PDF set;
the yellow band is the theoretical uncertainty.

Results. – The Z and W production cross-sections are measured, with the kinematic
requirements above specified, according to the formula:

σ =
NCandidates − NBackground

εTrigger · εTracking · εμ−ID · εSelection ·
∫

�L
,(1a)

where all involved efficiencies (trigger, tracking, muon identification and selection) are
measured directly from data and cross-checked with simulation. Background estimates,
efficiency measurements and luminosity determination are considered as sources of sys-
tematic error. Inclusive production cross-sections for Z, W+ and W− bosons are deter-
mined to be

σ(W+ → μ+ν) = (1007 ± 48 ± 101) pb,(2a)
σ(W− → μ−ν) = (680 ± 40 ± 68) pb,(2b)

σ(Z → μμ) = (73 ± 4 ± 7) pb.(2c)

The differential Z cross-section in 5 bins of the boson rapidity and the W charge
asymmetry in 5 bins of lepton pseudorapidity are shown in fig. 2. This measurements
can be used to probe the PDF’s and test the QCD predictions.

3. – Quarkonium results

The measurement of Ψ(2S) meson production at
√

s = 7TeV. – The differential
cross-section for the inclusive production of Ψ(2S) mesons in pp collisions at

√
s = 7 TeV

has been measured [4] using an integrated luminosity of 36 pb−1. The decay channels
Ψ(2S) → μ+μ− and Ψ(2S) → (J/Ψ → μ+μ−)π+π− are reconstructed using prompt
Ψ(2S) and Ψ(2S) decaying from a b-hadron (delayed). The separation between the two
samples is done using a pseudo-decay-time distribution defined as t = dz(M/pz), where
dz is the separation along the beam axis between the Ψ(2S) decay vertex and the primary
vertex, M is the nominal Ψ(2S) mass and pz is the component of its momentum along
the beam axis. The polarization of promptly reconstructed Ψ(2S)’s is not measured
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Fig. 3. – Left: Differential production cross-section vs. pT for prompt Ψ(2S). The predictions of
three non-relativistic QCD models are also shown for comparison. MWC [6] and KB [7] are NLO
calculations including colour-singlet and colour-octet contributions. AL [8] is a colour-singlet
model including the dominant NNLO terms. Right: Differential production cross-section vs. pT

for delayed Ψ(2S). The shaded band is the prediction of a FONLL calculation [9].

here, therefore a systematic uncertainty is computed separately for the unknown state
of the polarization. This does not effect the delayed Ψ(2S). The differential cross-
sections for prompt Ψ(2S) and delayed Ψ(2S) mesons are measured in the kinematic
range pT (Ψ(2S)) < 16 GeV/c and 2 < y(Ψ(2S)) < 4.5:

σprompt(Ψ(2S)) = 1.44 ± 0.01(stat) ± 0.12(syst)+0.20
−0:40(pol) μb,(3a)

σb(Ψ(2S)) = 0.25 ± 0.01(stat) ± 0.02(sys) μb.(3b)

Recent QCD calculation on the differential cross-sections are found to be in a good
agreement with these results as shown in fig. 3. Combining this result with the LHCb
measurement of the J/Ψ cross-section (from b decay) in the same fiducial range [5], the
inclusive branching ratio has been determined to be

B(b → Ψ(2S) X) = (2.73 ± 0.06(stat) ± 0.16(syst) ± 0.24(BR)) × 10−3,(4a)

where the last uncertainty is due to the B(b → J/Ψ X), B(J/Ψ → μ+μ−) and B(Ψ(2S) →
e+e−) branching fraction uncertainties. The later branching fraction is used and justified
by the leptons universalities.

Υ(1S) production cross-section. – The Υ(1S), Υ(2S) and Υ(3S) states have been
observed via their decays into two muons with sufficient resolution to separate fully
the Υ(2S) and Υ(3S) invariant mass peaks (see fig. 4 (left)). The Υ(1S) differential
production cross-section as a function of Υ(1S) y and pT has been measured [10] in
the fiducial region pT < 15 GeV/c and 2.0 < y < 4.5. The fiducial region has been
divided into bins of width 1 GeV/c in pT and one unit of rapidity (y) and a dataset
corresponding to an integrated luminosity of 32.4 pb−1 has been used. The Υ(1S) yield
has been extracted from a fit to the di-muon invariant mass distribution using a Crystal
Ball to model the signal shape and an exponential to model the background shape (see
fig. 4 (left)). The results have been reported under the assumption of unpolarized Υ(1S)
and the largest systematic uncertainty comes from this assumption. The measured Υ(1S)
production cross-section, integrated over the fiducial region, assuming unpolarized Υ(1S)
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Fig. 4. – Left: The invariant-mass distribution of the selected Υ → μ+μ− candidates. The three
peaks correspond to the Υ(1S), Υ(2S), and Υ(3S) signals (from left to right). The superimposed
curves and the signal yields are the result of the fit. Right: The measured differential Υ(1S)
production cross-section as a function of pT integrated over y (black dots) compared to the
prediction calculated from NRQCD at NLO, including contributions from χb and Υ(2S) decays,
summing the colour-singlet and colour-octet contributions [11] (coloured band).

is σΥ(1S) = 108.3 ± 0.7+30.9
−25.8 nb where the first uncertainty is statistical and the second

is systematic. The measured Υ(1S) differential production cross-section as a function
of Υ(1S)pT (dσ/dpT ) has been compared with LO and NLO NRQCD, and with NLO
and NNLO CS theoretical predictions. The predictions take into account the Υ(1S) feed
down from χb and Υ(2S) and are in good agreement with data (see, for example, fig. 4
(right)). The results are allowing for the different rapidity range in good agreement with
those obtained by the CMS Collaboration [12].

Observation of double-charm production involving open charm. – The production of a
J/Ψ accompanied by open charm and pairs of open-charm (C) hadrons are observed [13]
in pp collisions at

√
s = 7 TeV using an integrated luminosity of 355 pb−1. Leading-

order calculation in perturbative QCD and a model including Double-Parton Scattering
(DPS) [14, 15] give significantly different prediction, σ(J/ΨC) + J/ΨC̄ ∼ 18 nb and
∼ 280 nb, respectively. The DPS predictions can also be tested through the ratios of
cross-sections of the charm hadrons involved: in a DPS scenario σ(C1)×σ(C2)/σ(C1C2)
should be equal (twice bigger if C1 �= C2) to the effective DPS cross-section measured
at the Tevatron [16]. The open charm hadrons considered here are: D0, D+, D+

s and
Λ+

c , while the CC̄ are used as control channels. Selected charged tracks are combined
to form J/Ψ → μ+μ−, D0 → K−π+, D+ → K−π+π+, D+

s → K−K+π+ and Λ+
c →

pK+π+. Subsequently these candidates are combined into J/ΨC, CC and CC̄. The
combinations are requested to come from the same primary vertex and lie in the rapidity
range 2 < y(J/Ψ, C) < 4 and the pT range pT (J/Ψ) < 12 GeV/c and 3GeV/c < pT (C) <
12 GeV/c. In addition a flight distance cτ > 100 μm is required for the C.

Signals with a statistical significance over five standard deviations have been observed
for the four J/ΨC, for six CC modes: D0D0, D0D+, D0D+

s , D0Λ+
C , D+D+ and D+D+

s ,
and for seven CC̄ channels: D0D̄0, D0D−, D0D−

s , D0λ̄−
c , D+D−, D+D−

s and D+Λ̄−
c . In

fig. 5 the cross-sections are shown on the left and the DPS fraction on the right. Results
favour the DPS model using the effective cross-section measured at Tevatron, which is
also favoured with the absence of azimuthal and rapidity correlations. The transverse
momentum of these events has also been studied. In the J/ΨC case we can see an harder
p

J/Ψ
T spectra compared to the prompt J/Ψ production.
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Fig. 5. – Left: Measured cross-sections σJ/ΨC , σCC and σCC̄ (points with error bars) compared,
in J/ΨC channels, to the calculations in refs. [17] (vertical hatched areas) and ref. [18] (horizontal
hatched areas). The inner error bars show the statistical uncertainty whilst the outer error bars
show the sum of the statistical and systematic uncertainties in quadrature. Right: Measured
ratios σ(C1) × σ(C2)/σ(C1C2) (points with error bars) in comparison with the expectations
from DPS using the cross-section measured at Tevatron for multi-jet events (light green shaded
area). For the D0D0, D0D̄0, D+D+ and D+D− cases the ratios are rescaled with the symmetry
factor of one half. The inner error bars show the statistical uncertainty whilst the outer error
bars show the sum of the statistical and systematic uncertainties in quadrature. For the J/ΨC
case the outermost error bars correspond to the total uncertainties including the uncertainties
due to the unknown polarization of the prompt J/Ψ mesons.
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Summary. — This paper examines recent progress in collider QCD and some
facets of the interplay between these developments and searches for new particles
and phenomena at the Tevatron and LHC.

PACS 12.38.-t – Quantum chromodynamics.
PACS 12.38.Bx – Perturbative calculations.
PACS 13.85.-t – Hadron-induced high- and super-high-energy interactions (energy
> 10 GeV).
PACS 13.87.-a – Jets in large-Q2 scattering.

1. – Introduction

The past 18 months have seen considerable excitement in the field of collider particle
physics. Among the topics that deserve a mention, one might include the measurement
of an unexpectedly large tt̄ forward-backward asymmetry at the Tevatron [1, 2], CDF’s
anomalous bump in W + dijet production [3], the LHC’s exclusion of huge swathes
of supersymmetric parameter space [4, 5] and hints of the Higgs boson from both the
Tevatron and the LHC [6-8].

The purpose of this talk is to examine a selection of the past years’ collider-QCD
developments, attempting to place them in the context of the above “headline” devel-
opments. To guide us through this exercise, let us start by recalling that hard collider
events can be broken up into various components: the non-perturbative structure of the
proton, e.g. encoded in parton distribution functions and as relevant also to multiple
semi-soft interactions; the “hard” process, amenable to fixed-order perturbative calcula-
tion, usually involving at most a handful of partons; the fragmentation of those partons,
often implemented as a parton shower; and the hadronisation process, by which partons
turn into the hadrons that are observed experimentally. All of these elements must be
dealt with correctly (and together) if one is to fully predict the properties of events at

c© Società Italiana di Fisica 155
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hadron colliders. We start our examination of recent QCD progress by considering the
element that has seen the most concerted effort, namely the hard process.

2. – The hard process at next-to-leading order

The hard process is where we make use of a perturbative expansion in the strong-
coupling constant, αs. Given that αs ∼ 0.1 at the scales of relevance, one might expect
that a leading-order (LO) calculation should generally be accurate to within about 10%.
It is quite straightforward to check whether this is the case across a range of processes
with the help of a tool such as NLOJet++ [9], MCFM [10] and VBFNLO [11]. While
there are cases where next-to-leading order corrections are modest, for example for the
inclusive jet spectrum, quite often one finds that the NLO terms are large: the Z-boson pt

spectrum sees a 50% correction at NLO; and the jet pt spectrum in events with a Z-boson
sees a NLO correction of several hundred percent. Sometimes these large corrections can
be understood based on simple physical considerations, for example the appearance of
new, enhanced topologies at NLO. There is, however, no general understanding of the
different sizes of the NLO corrections and so, to obtain a reasonable degree of accuracy
for hadron collider predictions, one must usually explicitly calculate the NLO terms.

In recent years, guidance as to which NLO calculations to carry out has come from the
many different searches that are being performed. A classic example comes from SUSY
searches: gluinos can decay to a squark and antiquark, with the squark then decaying to
a quark and unobserved neutralino, so the signature for pair production of gluinos is the
presence of four jets and missing energy; an important background is then Z plus 4-jets,
where the Z-boson decays to neutrinos. One would like to know this background to NLO.

A measure of the difficulty of such a calculation is the number of external legs: Z plus
4-jet production is a 2 → 5 process. The first hadron-collider NLO calculation was for
the Drell-Yan process in 1979, i.e. essentially a 2 → 1 process [12]. It was not until 1987
that 2 → 2 processes started to be calculated, including photon+jet [13], heavy-quark
pair production [14] and dijet production [15, 16]. 2 → 3 processes started to follow ten
years later, notably Wbb̄ production [17]. Extrapolating, it should come as no surprise
that it was around 2009 that 2 → 4 processes began to appear, with two calculations for
W + 3 jets [18] and three for the production of two heavy qq̄ pairs [19].

One might deduce that one should then wait until around 2019 for the background
process that we mentioned above, Z + 4 jets, a 2 → 5 process. Yet, remarkably, its
calculation appeared 8 years ahead of schedule, in 2011 [20] (another 2 → 5 process,
W + 4 jets, came out earlier, in 2010 [21], and is in excellent agreement with data,
cf. fig. 1 left). There have even been first calculations of processes with a complexity
equivalent to that of a 2 → 6 process [22]. While it is beyond the scope of this review
to describe the many ingenious innovations behind this progress, it should be said that
a number have benefited from recent progress in understanding how to fully carry out
a 20-year old dream [23] of sewing together tree amplitudes to obtain loop graphs (for
more details see [24]).

Given this progress, it is natural to ask if it is being used by the experiments. At
first sight, when opening one of the many SUSY search papers from ATLAS or CMS one
is initially disappointed: nearly all the results rely either on matrix-element (tree level)
calculations supplemented with parton showers (ME+PS) or “data-driven” estimates
of backgrounds. Part of the reason is that pure NLO calculations provide information
about partons, whereas experiments can only sensibly input hadrons to their detector
simulations. Yet, digging deeper, there are cases where cutting-edge NLO results are
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Fig. 1. – Left: comparison of measurements and NLO (Blackhat-Sherpa) predictions of W +n-jet
cross sections vs. n [25]. Right: ratio of the Z + 2-jet to γ + 2-jet cross sections at LO, NLO
and with parton showers matched to tree level calculations, showing excellent stability [26].

already having an impact. An example is [27], which compares data both to ME+PS
and to data-driven background estimates, relying on the latter for its final SUSY exclusion
limits. “Data-driven” sounds as if it is altogether independent of theorists. In this specific
case, for estimating the Z + jets background the idea is to measure the γ + jets cross
section (instead of a direct measurements of Z’s, which suffers from the low Z → �+�−

branching ratio) and then to use NLO predictions for the ratio of γ + jets to Z + jets to
deduce the expected measured Z+jets background. Many experimental systematics such
as jet-energy scale are common to both and therefore cancel in the ratio; meanwhile the
theoretical prediction is extremely stable, fig. 1 (right). So, the data-driven method here
is actually a clever way of exploiting precisely known aspects both theory and experiment,
while minimising the impact of their intrinsic limitations. More generally, data-driven
methods do not always (or even often) use NLO, but they do quite often involve this
idea of finding a way to combine the best of theory and experiment.

3. – Systematically matching showers and NLO

Despite the power of data-driven methods, there remain many cases where the exper-
iments do need a direct, quality prediction of hadron-collider processes. This is crucial
in many Higgs searches, which nearly always rely on precise hadron level predictions of
the signal, and also often of the backgrounds. And it was the case also for the analysis
that led to the W +2-jet anomaly reported by CDF [3], but not found by D0 [28]. One of
the standards for collider predictions involves the matching of tree level matrix-element
calculations with parton showers and it is to such predictions, passed through detector
simulations, that the CDF and D0 W + 2j results were compared.
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Combining tree level (i.e. LO) calculations and parton showers is relatively easy nowa-
days thanks to automated tools for tree-level predictions of essentially any standard-
model process (e.g. MadGraph [29], Alpgen [30], Sherpa [31]) and methods such as
MLM [32] and CKKW [33] matching, which address the issue of combining tree level
calculations for different multiplicities, while avoiding the double counting that would be
caused by the fact that parton-showers themselves generate extra emissions (for a recent
review see [34]).

A concern with any calculation based on tree-level methods is that it is essentially
a leading-order calculation, yet we know that NLO corrections can be large. NLO cal-
culations can also be combined with parton showers, through the MC@NLO [35] or
POWHEG [36] methods (see also [37]), generally with a significant improvement in pre-
cision; this is less straightforward than for tree-level calculations, because of the need
for 1-loop matrix-elements and because of extra issues of double counting that arise at
NLO. Until recently it had always been done on a case-by-case basis, usually limited to
cases with low multiplicities (e.g., just W production, with no jets other than that from
the NLO radiation). A major development of the past couple of years has been that a
huge number of extra processes has become available. Two approaches have been taken:
one is the POWHEG-Box [38], which provides well-documented infrastructure for taking
existing NLO calculations and turning them into a POWHEG type calculation (a related
approach been taken in Sherpa [39]); the other is the aMC@NLO [40] approach, which
builds on MadGraph so as to automatically calculate NLO (loop and tree-level) matrix
elements and combine them with parton showers with the MC@NLO method.

A calculation of the W + 2j process with the CDF cuts has been one of the head-
line applications of the aMC@NLO method, with results shown in fig. 2 (left)(1). The

(1) Showered NLO W + 3-jet results have since then become available with the MC@NLO
method in Sherpa [41].
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aMC@NLO and Alpgen results (the latter after a rescaling to account for an overall NLO
K-factor) agree remarkably well in this case, suggesting that predictions are relatively
stable. Interestingly, aMC@NLO and Alpgen bear more similarity to each other than
either does to the pure NLO results, highlighting the importance of showering effects.

One advantage of NLO calculations (whether with a shower or not) is that scale
variations can offer a reasonable way of estimating uncertainties. These uncertainties
are shown also in fig. 2 (left) and are of the order of 10–15%. For comparison, the
right-hand plot of fig. 2 shows the CDF data as a ratio to the expected background.
What appears as a peak around 150 GeV in the usual plots of (data − background),
here appears as the start of a broad 10% excess starting around 140 GeV, with only the
barest hints of a peak around 150 GeV. It is not my intention to claim that background
uncertainties are responsible for CDF’s anomaly, but simply to provide a reminder that
when looking at effects of the order of 10%, we enter a region where our ability to predict
backgrounds sufficiently accurately can start to become a serious issue. Of course, a
number of explanations have been proposed to explain the anomaly (beyond the scope of
this paper). Ultimately, however, it is almost certainly impossible for outsiders to resolve
this issue, and one can only hope that the CDF and D0 experiments will at some point
have the means to bring closure to the question.

4. – Going beyond the limitations of NLO

There are at least two avenues to go beyond the limitations of NLO calculations. On
the one hand one can aim for high precision, for example with NNLO. On the other, in
the context of searches, one can try to make signals emerge more clearly.

4.1. Next-to-next-to-leading order . – NNLO is available for all processes involving the
production of a single vector or Higgs boson, but until recently was mostly inexistent for
processes with two bosons or with coloured particles in the final state. It is crucial not just
in prediction backgrounds, but also in deriving information from “signals”—for example
for extracting parton distribution functions from W and Z production differential cross
sections; and, once (if) the Higgs boson is discovered, for determining its couplings to
the rest of the standard model.

The past couple of years has seen several new NNLO calculations and they can roughly
be divided into two classes: one class is that where NNLO delivers its promise of high pre-
cision, for example the inclusive calculation of vector-boson fusion Higgs production [42]
or the differential calculation of WH production [43]. The former is shown in fig. 3 and,
for once, the convergence is just as one would expect with a coupling ∼ 0.1.

A second class of processes has more sobering results: fig. 3 (right) shows the recent
NNLO γγ [44] prediction where one sees 50% corrections in going from NLO to NNLO.
Yet another case where NNLO appears to face difficulties and that has seen extensive
discussion is for the prediction of the efficiency of jet vetoes in Higgs production [45].

Various physics mechanisms can lead to this poor behaviour of the perturbative se-
ries: Sudakov logarithms when one puts excessively stringent cuts on the final state;
threshold logarithms when one is limited by the available partonic centre of mass energy;
and the appearance of partonic scattering channels at NLO or NNLO that were not pos-
sible at lower order (e.g., qq → qqγγ). Still despite progress on individual aspects (e.g.,
Higgs Sudakov boson [46, 47] and jet [48-51] pt resummations, Higgs threshold resum-
mations [52-54], or the combination of processes with different multiplicities [55]), one
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Fig. 3. – Recent NNLO predictions for inclusive vector-boson fusion [42] (left) and differential
γγ production [44] (right).

cannot help but wonder whether with more insight we might not obtain predictions that
just systematically converge better.

I cannot close this section without mentioning a result that appeared only after my
presentation at the La Thuile meeting, the NNLO corrections to qq̄ → tt̄ [56]. It is the
first time that a NNLO calculation appears for a process involving coloured particles
in both initial and final states and as such is a groundbreaking achievement. It brings
significantly improved precision, at the 3% level (roughly a factor of 3 improvement over
NLO), to the prediction of the Tevatron tt̄ cross section(2).

4.2. Rethinking searches. – It can be tempting to say that if only we knew collider
backgrounds better we would significantly improve the reach of a range of searches. But
I believe it is just as important to ask the question of whether using our understanding
of QCD can help us to find better analysis techniques, techniques that improve signal-
to-background (S/B) ratios (and sometimes also S/

√
B) and so reduce the impact of

background uncertainties.
One example of this is in the search for bb̄ decays of a light Higgs boson when produced

in association with a W or Z. Long thought to be inaccessible due to huge backgrounds,
this channel became possible again after the results of [57], which showed how to improve
signal-to-background ratios by going to high pt (backgrounds drop faster than signal) and
developing appropriate “boosted-Higgs” jet-substructure reconstruction methods. Since
then, the idea of going to high pt has been adopted in [58,59], though there are insufficient
data so far to truly benefit from the new jet substructure methods. In parallel, this and
other early work has spurred a whole new field of investigation into event-topologies
with boosted tops, vector and Higgs bosons, and BSM particles, together with extensive
further developments on the jet-substructure analysis techniques. Several reviews cover
this progress in detail [60-62].

(2) It is also interesting because there were a number of predictions for the tt̄ cross section based
on threshold resummation, even though Tevatron tt̄ production is not strictly at threshold.
A verification of how well these performed can provide useful insight into the applicability
of different approaches to threshold resummation, possibly also in other not-really-threshold
contexts such as LHC Higgs production.
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citations to ATLAS and CMS), showing the fraction of ATLAS and CMS papers that refer to
each one.

While “boosted-object” searches have garnered much of the attention recently,
progress is also being made in better signal detection in other areas too: quark/gluon
discrimination has recently seen a renewal of interest [63] and may have applications in
many searches; and there is clearly scope for novel methods even in “standard” SUSY
searches [64].

A general question that remains open here is whether such improvements will continue
to come mainly from an intuitive understanding of QCD vs. BSM differences, as has
largely been the case so far, or whether there is a benefit to be had also from more
quantitative, analytical insight into how signals and backgrounds differ.

5. – Conclusions

Many of the cutting-edge QCD research results discussed here have come with an
initial focus on one or the other specific class of search or application. It is interesting
to look also at what the LHC experiments use across the board, on a day-to-day basis.
Figure 4 shows the papers most commonly referred to by ATLAS and CMS and, for
each, the fraction of the collaborations’ articles that refer to them. Some aspects of this
graph are unsurprising, such as the overwhelming role played by Pythia. Other aspects
provide a reminder that such citations data should be interpreted with an abundance
of caution: one cannot help but notice the position of the “LHC Machine” relative to
Pythia(3). Still, it is striking that of the 24 articles shown (those cited by more than
10% of the collaborations’ papers), 20 stem from the QCD community, a tribute to the
key role being played by QCD at the LHC.

(3) Of course, Pythia is easier to run.
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Summary. — The LHCb experiment is a single-arm spectrometer designed to
pursue an extensive study of CP violation in b and charm systems. In this con-
tribution, three recent measurements are presented. First, the difference between
CP asymmetries of D0 → K−K+ and D0 → π−π+ decays using 0.6 pb−1 of 2011
data is detailled. Then an important milestones towards the measurement of the
γ angle is presented with the study of B± → DK± decays using 1 fb−1. Third,
the measurement of the CP -violating phase φs in B0

s → J/ψφ and B0
s → J/ψf0 is

reported.

PACS 12.15.Ff – Quark and lepton masses and mixing.
PACS 12.15.Hh – Determination of Cabibbo-Kobayashi & Maskawa (CKM) matrix
elements.

1. – Introduction

The LHCb experiment is dedicated to the study of charm and beauty flavour physics.
Precise measurements in these sectors allow to test the CKM paradigm of flavour struc-
ture and CP violation. More precisely, LHCb investigate the possible New Physics effects
in the loop-mediated processes. In this document, we present three recent LHCb results
about CP violation in charm and beauty sectors. In sect. 2, we present the difference
in time-integrated CP asymmetries between D0 → K−K+ and D0 → π−π+, using
0.6 pb−1 of 2011 data. In sect. 3, we detail the CP violation in B± → DK±. In sect. 4,
we report on the measurement of the CP -violating phase φs.

2. – CP violation in charm

In the Standard Model, CP violation in charm sector is expected to be small [1, 2].
New Physics could enhance the rate of CP violation [3]. LHCb measures the difference
in time-integrated CP asymmetries between D0 → K−K+ and D0 → π−π+, using
0.6 pb−1 of data collected in 2011 [4]. By requiring a D∗+ → D0π+ decay, the initial
state, D0 or D

0
, is tagged using the sign of the “slow” pion π±.
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The raw asymmetry for tagged D0 decays to a final state f is defined as

Araw(f) =
N(D∗+ → D0(f)π+) − N(D∗− → D

0
(f)π−)

N(D∗+ → D0(f)π+) + N(D∗− → D
0
(f)π−)

,

with N(X) the number of reconstructed events of decays X, and f the final state. This
raw asymmetry can be written as the sum of various asymmetries,

Araw(f) = ACP (f) + AD(f) + AD(πs) + AP (D∗+),

where ACP (f) is the intrinsic physics CP asymmetry, AD(f) the asymmetry to select
the D0 decay into the final state f , AD(πs) the detection asymmetry of the slow pion
coming from the D∗+ decay chain, and AP (D∗+) the production asymmetry for prompt
D∗+ mesons.

For a two-body decay of a spin-0 particle to a self-conjugate final state there can be
no D0 detection asymmetry: AD(K−K+) = AD(π−π+) = 0. At first order, AD(πs)
and AP (D∗+) cancel out in the difference Araw(K−K+) − Araw(π−π+). Finally, the
measurement of ΔACP corresponds to the difference of physics asymmetries:

ΔACP = ACP (K−K+) − ACP (π−π+) = Araw(K−K+) − Araw(π−π+).

In order to minimize second-order effects, the analysis is done in bins of kinematic
variables, magnet polarity and running periods. In total, 216 independent measurements
are made for each decay mode. The χ2/ndf of these measurements is 211/215. The final
time-integrated difference in CP asymmetry between D0 → K−K+ and D0 → π−π+

decays is the weighted average over 216 bins:

ΔACP = [−0.82 ± 0.21(stat) ± 0.11(syst)] %.

It is the first evidence of CP violation in charm sector, with a significance of 3.5σ. This
measurement is consistent with the current HFAG world average [5].

ΔACP can be written at first order as the sum of CP asymmetries:

ΔACP =
(
adir

CP (K−K+) − adir
CP (π−π+)

)
+

Δ〈t〉
τ

aind
CP ,

with adir
CP the asymmetry coming from direct CP violation for the decay, 〈Δt〉 the dif-

ference in average decay time of the D0 mesons in the K−K+ and π−π+ sample, τ the
true D0 lifetime, aind

CP the asymmetry from CP violation in the mixing. Using this result,
the HFAG world-average combination in the plan (Δadir

CP , aind
CP ) represented by the fig. 1

gives

aind
CP = (−0.019 ± 0.232)%, and Δadir

CP = (−0.645 ± 0.180)%.

This combination is consistent with no CP violation at 0.128%. To understand this 3.5σ
effect, further analyses are ongoing at LHCb, and more theoretical precision is needed.
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Fig. 1. – HFAG combination of the ΔACP and AΓ measurements [5]. The bands represent ±1σ
intervals. No CP violation correspond to the black point at (0, 0), and the two dimensional 68%
CL, 95% CL and 99.7% CL regions are the black ellipses.

3. – Toward a measurement of the CKM angle γ

The γ angle is the least accurately known parameter of the CKM unitarity triangle. In
terms of CKM elements, γ is defined as: γ = arg(−VudV �

ub

VcdV �
cb

). The indirect determination

via global fits to experimental data gives γ = (67.1+4.6
−3.7) [6]. One of the main goals of the

LHCb experiment is to perform a precise direct measurement of this angle. It is extracted
from the interference between b → u and b → c transitions. LHCb experiment has passed
many milestones towards γ measurement with [7]. This contribution focuses on the first
LHCb paper using the whole 2011 data: the direct CP violation in B± → D0K± decays
with 1 fb−1 [8].

The analyses of direct CP violation in B± → D0K± are time-integrated measure-
ments, using only the self-tagging modes. The interference between decays to the same
final products (K−K+π−) by different intermediate states (D0K− or D

0
K−) gives ac-

cess to γ. Depending of the D0 decay, different measurement methods are avaiblable.
The sensitivity to γ is given by the asymmetries between the decay and its conjugate, A,
and the ratio of the sum compared to the favoured control mode B− → D0h−, R.

The GLW method was proposed by Gronau, Wyler and London [9, 10]. It is a theo-
retically clean measurement of the angle γ from the rate and asymmetry measurement of
B− → DCP K− decays, where the D0 meson decays to CP eigenstates: D0 → K+K−,
D0 → π+π−. This method benefits from the interference between the dominant b → cu
transition with the doubly CKM-suppressed b → uc transition. The asymmetry and
ratio observables are defined by

RCP+ = 2
Γ(B− → D±K−) + Γ(B+ → D±K+)
Γ(B− → D0K−) + Γ(B+ → D0K+)

= 1 + r2
B ± 2rB cos δB cos γ,

ACP+ =
Γ(B− → D±K−) − Γ(B+ → D±K+)
Γ(B− → D±K−) + Γ(B+ → D±K+)

= ±2rB sin δB sin γ/RCP+

with the relative magnitude of suppressed amplitude rB = |A(b → u)/A(b → c)|, the
strong phase δB = arg(A(b → u)/A(b → c) and the weak phase γ.
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Fig. 2. – Invariant-mass distributions of selected B± → [K+K−]Dh± candidates [8]. The left
plots are B− candidates, B+ are on the right. In the top plots, the bachelor track is assigned
to be a kaon, although in the bottom plots it is a pion. The dark (red) curve represents the
B → DK± events, the light (green) curve is B → Dπ±. The shaded contribution are partially
reconstructed events and the total PDF includes the combinatorial component. The contribution
from Λb → Λ±

c h∓ decays is indicated by the dashed line.

The ADS method is a modification of the GLW approach, developed by Atwood,
Dunietz and Soni [11]. In the B− → D0K− decays, the D0 meson decays to flavour
specific final states: D0 → Kπ. The favoured transition b → c is followed by the doubly
CKM-suppressed D decay interfering with the supressed b → u transition followed by
the CKM-favoured D decay. The asymmetry and ratio are given by

RADS =
Γ(B− → D±K−) + Γ(B+ → D∓K+)
Γ(B− → D∓K−) + Γ(B+ → D±K+)

= r2
B + r2

D + 2rBrD cos(δB + δD) cos γ,

AADS =
Γ(B− → D±K−) − Γ(B+ → D∓K+)
Γ(B− → D±K−) + Γ(B+ → D∓K+)

=
2rBrD sin(δB + δD) sin γ

RADS
,

with rB , δB, γ already defined for the GLW method, and rD, δD the corresponding
amplitude ratio and strong phase difference of the D meson decay amplitudes.

For this analysis, the strategy is to reconstruct every mass hypothesis combination,
then to extract the ratios and asymmetries with a simultaneous fit. Figures 2 and 3
show, respectively, the invariant-mass distributions of B± → DCP π± and B± → D±π±.
In fig. 2, there is a clear asymmetry in B± → [KK]DK±, but no asymmetry in B± →
[KK]Dπ±.

The measurements give

ACP+ = 0.15 ± 0.03 ± 0.01 and RCP+ = 1.01 ± 0.04 ± 0.01,

AADS(K) = −0.520 ± 0.150 ± 0.021 and RADS(K) = 0.0152 ± 0.0020 ± 0.0004,

AADS(π) = 0.143 ± 0.062 ± 0.011 and RADS(π) = 0.0041 ± 0.0003 ± 0.0001.



STUDY OF CPV IN b AND CHARM SYSTEMS AT LHCb 171

Fig. 3. – Invariant-mass distribution of selection B± → [π±K∓]Dh± candidates [8]. See the
caption of 2 for a full description. The dashed line here represents the partially reconstructed,

but Cabbibo-favoured, Bs → D
0
K−π+ and Bs → D0K+π− decays where the pions are lost.

The pollution from favoured mode cross feed is drawn, but is too small to be seen.

These measurements are an important contribution to a future extraction of the γ
angle. They are the most precise measurement and in good agreement with the B
factories [5].

4. – B0
s mixing phase φs

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 φs. 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 = (0.0364 ± 0.0016) rad [6], within the Standard Model.
φs is one of the CP observables with the smallest theoretical uncertainty in the Standard
Model, neglecting the penguins contributions, and New Physics could significantly modify
this prediction.

The decays B0
s → J/ψφ are pseudo-scalar to vector-vector transitions. Morever, the

K+K− non-resonant state, the S-wave, is taken into account. Thus the final state is
a mixture of CP odd and CP even states. It is described by a four time-dependent
decay amplitudes corresponding to transitions in which the J/ψ and φ or K+K− have a
relative orbital momentum L of 0, 1, or 2. In the transversity formalism [12], the initial
amplitudes at time t = 0, A0(0) and A‖(0) describe the decays with L = 0, 2 while A⊥(0)
and AS describes the L = 1 final states. The arguments of these complex amplitudes are
strong phases denoted δ0, δ‖, δ⊥ and δS .

The measurement of φs phase requires a very good proper-time resolution to resolve
the fast B0

s oscillations. It has been measured in B0
s → J/ψφ channel: σt = 50 fs.

Another key step towards the φs measurement is the tagging of the initial B-flavour.
The tagging 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 opposite side algorithm is optimized
using B0 → D∗−μ+νμ and B+ → J/ψK+ events and calibrated using B+ → J/ψK+,
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Fig. 4. – Data points overlaid with fit projections for the reconstructed invariant mass, decay
time and transversity angle distributions of selected B0

s → J/ψφ, candidates, in a mass range of
±20 MeV/c2 around the reconstructed B0

s mass except for the invariant mass distribution [13].
The total fit result is represented by the black line. The signal components are represented by
the red lines, and the background component by the blue line.

B0 → J/ψK∗0 events [14]. An additional test is performed in [15], by measuring the
B0

s -B
0

s mixing frequency using B0
s → D−

s (3)π+ events using 370 pb−1:

Δms = 17.725 ± 0.041(stat.) ± 0.026(syst.) ps−1,

which is compatible and competitive with the world best measurement [16].
The physical parameters are extracted from a maximum likelihood fit to the mass,

proper time and angles distributions of the fully reconstructed candidates as shown in
fig. 4. In 370 pb−1, 8 276±94B0

s → J/ψφ signal events are extracted [13]. Two solutions
are available in the plan (ΔΓs, φs), due to the invariance of the differential decay rate
under the transformation (φs,ΔΓs, δ‖ − δ0, δ⊥ − δ0, δs − δ0) ↔ (π − φs,−ΔΓs, δ0 −
δ‖, δ0 − δ⊥, δ0 − δs). LHCb has recently solved this ambiguity [17] by studying the
interferences between the S-wave and the P -wave, following similar method as BaBar
cos(2β) measurement [18]. In the B0

s → J/ψφ channel, we measure [13]:

φs = 0.15 ± 0.18 ± 0.06 rad,

Γs = 0.656 ± 0.009 ± 0.008 ps−1,

ΔΓs = 0.123 ± 0.029 ± 0.011 ps−1,

|A⊥(0)|2 = 0.237 ± 0.015 ± 0.012,

|A0(0)|2 = 0.497 ± 0.013 ± 0.030,

|AS |2 = 0.042 ± 0.015 ± 0.018,

δ‖ = 2.95 ± 0.37 ± 0.12,

δS = 2.98 ± 0.36 ± 0.12,
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Fig. 5. – Artist’s view of the ΔΓs and φs measurements at the end of 2011. CDF update is
missing: φs ∈ [−π,−2.52] ∪ [−0.60, 0.12] ∪ [3.02, π] at 68% CL, with 9.6 pb−1 [19].

where the first error is the statistical error from the fit and the second error is the
systematic uncertainty. It the first direct evidence of non-zero ΔΓs.

The φs phase is extracted from the decay B0
s → J/ψf0 too [20]. A simultaneous fit

in these two channels with common φs, Γs, ΔΓs and Δms gives [21]:

φs = 0.03 ± 0.16(stat) ± 0.07(syst) rad.

It is the most precise measurement of the φs phase, as illustrated by the artist’s view in
fig. 5. This value is compatible with the Standard Model, but there is still room for New
Physics.

5. – Epilogue

While completing these proceedings, CDF has confirmed the ΔACP measurement
from LHCb with: ΔACP = (−0.62±0.21±0.10)% [22]. LHCb has released its results on
φs [23] using 1 fb−1: φs = −0.001± 0.101± 0.027 rad, still compatible with the Standard
Model.

6. – Conclusions

2011 has been an excellent year for LHCb with many measurements related to CP
violation. Among all these measurements, LHCb made the first evidence of CP violation
at 3.5σ in charm. Important milestones have been achieved to measure the CKM angle
γ with the determination of RCP , ACP , RADS , AADS using 1 fb−1. In the B0

s , system,
LHCb made the first direct evidence of a non-zero ΔΓs, using 0.4 fb−1, and the CP -
violating phase φs has been measured: φs = 0.03± 0.16(stat)± 0.07(syst) rad, consistent
with the Standard Model.

∗ ∗ ∗

I wish to thanks the organizers of the “Rencontres de Physique de la valle d’Aoste”, for
the nice atmosphere during the conference, and the LHCb collaboration for this beautiful
opportunity.
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Summary. — The study of the charm quark continues to have wide interest as
a possible avenue for the discovery of physics beyond the Standard Model and can
as well be used as a tool for understanding the non-perturbative aspects of the
strong interactions. Owning to the large production cross-section available at the
Tevatron collider and to the flexibility of a trigger for fully hadronic final states,
the CDF experiment, in a decade of successful operations, collected millions of
charmed mesons decays which can be used to investigate the details of the physics
of the production and decay processes of the charm quark. Here we present a brief
collection of new CDF results on this subject.

PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.
PACS 13.25.Ft – Decays of charmed mesons.
PACS 25.75.Dw – Particle and resonance production.

1. – Fragmentation of charm quarks

Heavy quark fragmentation is a non-perturbative process for which Monte Carlo event
generators implement only phenomenological models that should be tuned to reproduce
the observed properties of hadron production. CDF performs an analysis, described with
further details in ref. [1], that probes the process of quark fragmentation more directly
by studying kaons produced during the fragmentation of charm quarks to form a D±

(s)
meson.

In a data sample corresponding to about 360 pb−1 of pp collisions, we reconstruct
about 260000 D+

s and 140000 D+ mesons decaying to the φ(→ K+K−)π+ final state
(charge-conjugated decays are implied, unless otherwise stated). Promptly produced
charmed mesons are statistically separated from products of b-hadron decays using the
impact parameter distribution of the D candidate. Time-of-flight and ionization energy
loss measurements are used to identify kaons and measure their fraction in the sample of

c© Società Italiana di Fisica 175
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Fig. 1. – Transverse-momentum distribution of the measured kaon fraction (solid symbols) in
the sample of charged tracks produced in association with D+

s , (a) and (c), and D+ mesons, (b)
and (d), separately in the opposite-sign, (a) and (b), and same-sign, (c) and (d), combinations.
Also shown are the kaon fractions calculated using Pythia (open squares) and Herwig (open
triangles).

maximum-pT tracks produced in a ΔR =
√

Δϕ2 + Δη2 � 0.7 cone around the K+K−π+

candidate. The resulting kaon fractions, separately for same-sign and opposite-sign cate-
gories, are then compared to the predictions of both the string fragmentation model used
in Pythia [2] and the cluster fragmentation model used in Herwig [3], as a function
of several observables: transverse momentum (pT ) of the track; invariant mass (mDK)
of the track (using the kaon mass hypothesis) and the D candidate; difference in ra-
pidity along the fragmentation axis (Δy) between the track and the D meson. In the
opposite-sign combination category, where the track in the cone and the D candidate are
oppositely charged, we expect the kaon production to be enhanced around D+

s with re-
spect to D+ mesons since formation of a prompt D+

s requires conservation of strangeness
in the first fragmentation branch. Conversely, in the same-sign combination we expect
the kaon production to be similar around both D+

s and D+ mesons since same sign kaons
are likely to be produced in later branches of the fragmentation process.

The results of the comparative study show that the pT distribution for early fragmen-
tation kaons is in better qualitative agreement with predictions than for generic kaons
produced in later fragmentation branches, for which the models underestimate the frac-
tion of kaons, as shown in fig. 1. Conversely, the mDK and Δy distributions indicate that
the fragmentation models overestimate the fraction of kaons produced in early stages of
the fragmentation process compared to the fraction of generic kaons that are produced
in later branches, for which the data show good agreement with predictions.
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Fig. 2. – Dalitz plot of the reconstructed D0 → K0
Sπ+π− candidates, where some relevant

intermediate resonances are indicated by colored dashed lines.

2. – Search for CP violation in neutral charmed mesons decays

While CP violation is well established for B and K mesons, this is not the case for
charm mesons. First evidence for CP violation in two-body singly Cabibbo-suppressed
D0 decays has been recently reported by the LHCb Collaboration [4]. Whether this is a
hint of possible new physics contributions to the decay amplitude or not is not yet clear.
It is important to broaden our search for CP violation in further charmed-meson decays.
Here we present two new searches for CP violation in neutral D mesons decays which
are among the world’s most sensitive to date.

2.1. Time-integrated asymmetries in D0 → K0
Sπ+π− decays. – In a data sample

corresponding to an integrated luminosity of 6 fb−1, CDF searches for time-integrated
CP asymmetries in the resonant substructure of the three-body D0 → K0

Sπ+π− decay.
As the Standard Model expectation of these CP asymmetries is O(10−6), well below the
experimental sensitivity, an observation of CP violation would be a clear hint of new
physics.

We reconstruct approximately 350000D0 → K0
S(→ π+π−)π+π− candidates with the

D0 originating from the strong D∗+ → D0π+ decay, in order to unambiguously determine
the flavor of the charmed meson at production from the charge of the accompanying pion.
Two complementary approaches are used: a full Dalitz fit and a model-independent bin-
by-bin comparison of the D0 and D0 Dalitz plots. We briefly present here only the result
of the first approach, a more comprehensive description of the analysis can be found in
ref. [5].

Figure 2 shows the Dalitz plot of the reconstructed D0 → K0
Sπ+π− candidates with

the most relevant sub-resonant decay modes highlighted. For the first time at a hadron
collider, a Dalitz amplitude analysis is applied for the description of the dynamics of the
decay. We employ the isobar model and determine the asymmetries between the different
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Table I. – Comparison of the measured fit fraction asymmetries, AFF , for the considered inter-
mediate resonances of the D0 → K0

Sπ+π− decay with the results from the CLEO experiment [6].
For the CDF results the first uncertainties are statistical and the second combined systematic.
For the CLEO results the first uncertainties are statistical, the second experimental systematic,
and the third modeling systematic.

Resonance AFF (CDF) [%] AFF (CLEO) [%]

K∗(892)− 0.36 ± 0.33 ± 0.40 2.5 ± 1.9+1.5
−0.7

+2.9
−0.3

K∗
0 (1430)− 4.0 ± 2.4 ± 3.8 −0.2 ± 11+9

−5
+2
−1

K∗
2 (1430)− 2.9 ± 4.0 ± 4.1 −7 ± 25+8

−26
+10
−1

K∗(1410)− −2.3 ± 5.7 ± 6.4 . . .

ρ(770) −0.05 ± 0.50 ± 0.08 3.1 ± 3.8+2.7
−1.8

+0.4
−1.2

ω(782) −12.6 ± 6.0 ± 2.6 −26 ± 24+22
−2

+2
−4

f0(980) −0.4 ± 2.2 ± 1.6 −4.7 ± 11+25
−7

+0
−5

f2(1270) −4.0 ± 3.4 ± 3.0 34 ± 51+25
−71

+21
−34

f0(1370) −0.5 ± 4.6 ± 7.7 18 ± 10+2
−21

+13
−6

ρ(1450) −4.1 ± 5.2 ± 8.1 . . .

f0(600) −2.7 ± 2.7 ± 3.6 . . .

σ2 −6.8 ± 7.6 ± 3.8 . . .

K∗(892)+ 1.0 ± 5.7 ± 2.1 −21 ± 42+17
−28

+22
−4

K∗
0 (1430)+ 12 ± 11 ± 10 . . .

K∗
2 (1430)+ −10 ± 14 ± 29 . . .

K∗(1680)− . . . −36 ± 19+9
−35

+5
−1

D0 and D0 sub-resonance fit fractions in order to be insensitive to any global instrumental
asymmetry in the reconstruction and identification of the candidates of interest. Table I
shows the results in comparison with the most recent measurements performed by the
CLEO collaboration [6]. Our analysis represents a significant improvement in terms of
precision, but still no hints of any CP -violating effects are found. The measured value
for the overall integrated CP asymmetry is

ACP(D0 → K0
Sπ+π−) = (−0.05 ± 0.57 (stat) ± 0.54 (syst)) %.

Following the procedure described in ref. [7] and assuming no direct CP violation in
the D0 → K0

Sπ+π− decay (Adir
CP = 0), we can derive a measurement of time-integrated

CP violation in D0 mixing (Aind
CP) since the measured time-integrated asymmetry can be
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approximately expressed as

(1) ACP(D0 → f) ≈ Adir
CP(D0 → f) +

〈t〉
τ

Aind
CP,

where f indicates a generic final state and 〈t〉/τ ≈ 2.28 is the observed average D0 decay
time of the sample in units of D0 lifetimes. We then find

Aind
CP = (−0.02 ± 0.25 (stat) ± 0.24 (syst)) %,

in agreement with our previous determination of this quantity [7].

2.2. Difference of time-integrated asymmetries in D0 → K+K− and D0 → π+π−

decays. – Building upon the techniques developed for the previous measurement of
individual asymmetries in D0 → h+h− (h = π or K) decays [7], CDF updated
and optimized the analysis toward the measurement of the difference of asymmetries,
ΔACP = ACP(D0 → K+K−) − ACP(π+π−). The offline selection has been loosened
with respect to the measurement of individual asymmetries, since their difference is much
less sensitive to instrumental effects allowing for a more inclusive selection, and we now
use the full CDF Run II data sample, which corresponds to 9.7 fb−1 of integrated lu-
minosity. Requirements on the minimum number of hits for reconstructing tracks are
loosened, the pT threshold for D decay products is lowered from 2.2 to 2.0 GeV/c and
∼ 12% fraction of charmed mesons produced in B decays, whose presence does not bias
the difference of asymmetries, is now used in the analysis. As a result of the improved
selection, the D0 yield nearly doubles and the expected resolution on ΔACP becomes
competitive with LHCb’s [4]. In the following we briefly present the result, more details
can be found in ref. [8].

The production flavor of the neutral D meson is tagged by the charge of the pion from
the D∗+ → D0π+ decay. The presence of such an additional “soft” (low-momentum)
pion causes a bias in the measurement of the asymmetry, induced by a few percent
difference in reconstruction efficiency between positive and negative pions at low mo-
mentum. However, provided that the relevant kinematic distributions are equalized in
the two decay channels, this spurious asymmetry cancels to an excellent level of accuracy
in ΔACP, leading to systematic uncertainties at the 0.1% level. Using the approximately
550000D∗-tagged D0 → π+π− and 1.21 · 106 D∗-tagged D0 → K+K− decays shown in
fig. 3, we measure

ΔACP = (−0.62 ± 0.21 (stat) ± 0.10 (syst)) %,

which is 2.7σ different from zero and consistent with the LHCb result [4], suggesting that
CDF data support CP violation in charm.

By means of eq. (1) and using the observed values of 〈t〉/τ ≈ 2.4 (2.65) for D0 → π+π−

(D0 → K+K−) candidates, the observed asymmetry can be combined with all other
available measurements of CP violation in D0 → h+h− decays to extract the values of
Aind

CP and ΔAdir
CP = Adir

CP(D0 → K+K−) −Adir
CP(D0 → π+π−). The combination, shown

graphically in fig. 4, yields ΔAdir
CP = (−0.67±0.16)% and Aind

CP = (−0.02±0.22)%, which
deviates by approximately 3.8σ from the no–CP -violation point.
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Fig. 3. – Invariant D0πs mass distribution of D∗-tagged D0 → π+π− (top) and D0 → K+K−

(bottom) decays with fit projections overlayed. D∗+ → D0π+
s candidates are on the left, D∗− →

D0π−
s ones on the right.

Fig. 4. – Representation of the current knowledge on CP violation in D0 → h+h− decays in the
plane (Aind

CP , ΔAdir
CP). The combination of all results (listed in ref. [9]) assumes Gaussian, fully

uncorrelated uncertainties.
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[2] Sjöstrand T., Mrenna S. and Skands P., arXiv:0710.3820 [hep-ph].
[3] Bahr M. et al., Eur. Phys. J. C, 58 (2008) 639.
[4] Aaij R. et al. (LHCb Collaboration), Phys. Rev. Lett., 108 (2012) 111602.
[5] Aaltonen T. et al. (CDF Collaboration), http://www-cdf.fnal.gov/physics/new/

bottom/111013.blessed-D0KSpipi ACP/.
[6] Asner D. M. et al. (CLEO Collaboration), Phys. Rev. D, 70 (2004) 091101(R).
[7] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 85 (2012) 012009.
[8] Aaltonen T. et al. (CDF Collaboration), CDF Public Note 10784.
[9] Asner D. et al. (HFAG), arXiv:1010.1589 [hep-ex] and online updates at http://www.

slac.stanford.edu/xorg/hfag.





DOI 10.1393/ncc/i2012-11365-7

Colloquia: LaThuile12

IL NUOVO CIMENTO Vol. 35 C, N. 6 Novembre-Dicembre 2012

CP violation in the charm system

J. F. Kamenik(∗)

J. Stefan Institute - Jamova 39, P.O. Box 3000, 1001 Ljubljana, Slovenia and
Department of Physics, University of Ljubljana - Jadranska 19, 1000 Ljubljana, Slovenia

ricevuto il 7 Settembre 2012

Summary. — I review the implications of recent measurements of CP violation
in D meson decays. The results are discussed in the context of the standard model
(SM), as well as its extensions. The observed size of CP violation is not easily
explained within the SM, although the required non-perurbative enhancements of
the relevant hadronic matrix elements cannot be ruled out from first principles. On
the other hand, using effective theory methods, one can derive significant constraints
on the possible non-standard contributions from measurements of D0-D̄0 mixing
and CP violation in kaon decays (ε′/ε). Due to an approximate universality of CP
violation in new physics scenarios which only break the SU(3)Q flavor symmetry
of the SM, such contributions are particularly constrained by ε′/ε. Explanations of
the observed effect within several explicit well-motivated new physics frameworks
are briefly discussed. Finally I comment on possible future experimental tests able
to distinguish standard vs. non-standard explanations of the observed CP violation
in the charm sector.

PACS 14.40.Lb – Charmed mesons.
PACS 13.25.Ft – Decays of charmed mesons.
PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.

1. – Introduction

CP violation in charm provides a unique probe of New Physics (NP). Not only is it
sensitive to NP in the up sector, in the Standard Model (SM) charm processes are domi-
nated by two generation physics with no hard GIM breaking, and thus CP conserving to
first approximation. Until very recently, the common lore was that “any signal for CP vi-
olation in charm would have to be due to NP”. The argument was based on the fact the in
the SM and in the heavy charm quark limit mc � ΛQCD, CP violation in neutral D me-
son mixing enters at O(|λb/λs|) ∼ 10−3 (λq ≡ VcqV

∗
uq), while CP -violating contributions

to singly Cabibbo-suppressed D decays only appear at O(|λb/λs|αs(mc)/π) ∼ 10−4 [1].

(∗) E-mail: jernej.kamenik@ijs.si
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2. – CP violation in D0-D̄0 mixing

Charm mixing arises from |Δc| = 2 interactions that generate off-diagonal terms in
the mass matrix for D0 and D̄0 mesons. The D0-D̄0 transition amplitudes are defined
as

(1) 〈D0|H|D̄0〉 = M12 −
i

2
Γ12.

The three physical quantities related to the mixing can be defined as

(2) y12 ≡ |Γ12|
Γ

, x12 ≡ 2
|M12|

Γ
, φ12 ≡ arg

(
M12

Γ12

)
,

where x12 and y12 are CP -conserving, while φ12 denotes the physical CP -violating mixing
phase. HFAG has performed a fit to these theoretical quantities, (allowing also for
CP violation in decays discussed below) using existing measurements, and obtained the
following 95% CL regions [2]

x12 ∈ [0.25, 0.99]%, y12 ∈ [0.59, 0.99]%,(3)
φ12 ∈ [−7.1◦, 15.8◦].

The SM contributions to these quantities cannot be estimated reliably from first
principles. On the other hand, short distance NP effects can be predicted and encoded
in terms of an effective |Δc| = 2 Hamiltonian

(4) Heff
|Δc|=2 =

GF√
2

∑
i

C
cu(′)
i Qcu(′)

i ,

where the definitions of the relevant operators Qcu(′)
i can be found i.e. in [3]. Sim-

ply requiring such contributions to at most saturate the above experimental bounds on
x12, y12 and φ12 leads to very strong constraints on C

cu(′)
i [4]. In particular, writing

Im(Ccu(′)
i ) = v2

EW/Λ2
i , constrains on CP -violating contributions to charm mixing in

eq. (3) imply Λi > 103−4 TeV and are second in their strength only to the bounds on
new contributions to εK .

3. – CP violation in D decays: Experiment vs. SM expectations

On the other hand, CP violation in neutral D meson decays to CP eigenstates f is
probed with time-integrated CP asymmetries (af ). These can arise from interferences
between decay amplitudes with non-zero CP odd (φf ) and even (δf ) phase differences

(5) adir
f = − 2rf sin δf sinφf

1 + 2rf cos δf cos φf + r2
f

,

where rf is the absolute ratio of the two interfering amplitudes. Recently both the
LHCb [5] and CDF [6] Collaborations reported evidence for a non-zero value of the
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Fig. 1. – Comparison of the experimental ΔaCP values with the SM reach as a function of
|ΔRSM|. See text for details.

difference ΔaCP ≡ aK+K− − aπ+π− . Combined with other measurements of these CP
asymmetries [2], the present world average is

(6) ΔaCP = −(0.67 ± 0.16)%.

This observation calls for a reexamination of theoretical expectations within the SM.
The SM effective weak Hamiltonian relevant for hadronic singly Cabibbo-suppressed D
decays, renormalized at a scale mc < μ < mb can be decomposed as [3]

(7) HSM
|Δc|=1 =

GF√
2

∑
q=s,d

λq

∑
i=1,2

Cq
i Q

q
i + h.c. + . . . ,

where Qq
1,2 = [c̄αγμ(1−γ5)qα,β ][q̄βγμ(1−γ5)uβ,α], α, β denote color indices, and the dots

denote neglected penguin operators with tiny Wilson coefficients. Using CKM unitarity
(
∑

q=d,s,b λq = 0), the corresponding D0 → K+K−, π+π− decay amplitudes (AK,π) can
be written compactly as AK,π = λs,d(A

s,d
K − Ad,s

K ) − λbA
d,s
K . In the isospin limit the two

different isospin amplitudes in the first term provide the necessary condition for non-zero
δK,π, while φSM

K,π = Arg(λb/λs,d) ≈ ±70◦. On the other hand rK,π are controlled by
the CKM ratio ξ = |λb/λs| � |λb/λd| ≈ 0.0007. Parametrizing the remaining unknown
hadronic amplitude ratios as RSM

K,π ≡ −Ad,s
K,π/(As,d

K,π − Ad,s
K,π), the SM contribution to

ΔaCP can be written as

(8) ΔaCP ≈ (0.13%) Im(ΔRSM),

where ΔRSM = RSM
K + RSM

π . Comparison of this estimate with current experimental
results is shown in fig. 1. One observes that | Im(ΔRSM)| = O(2–5) is needed to reproduce
the experimental results in eq. (6), in contrast to perturbative estimates in the heavy
charm quark limit (|RK,π| ∼ αs(mc)/π ∼ 0.1) (see [1] and the more recent analyses in
refs. [7]). However, ξ suppressed amplitudes in the numerator of Ri cannot be constrained
by rate measurements alone, and it has been pointed out a long time ago that “ΔI = 1/2
rule” type enhancements are possible [8] (see also [10]). Recently [9], an explicit estimate
of potentially large 1/mc suppressed contributions has been performed, yielding ΔaSM

CP �
0.4%. Although this is an order of magnitude above näıve expectations, the experimental
value in eq. (6) cannot be reached.
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Fig. 2. – One-loop contributions of Heff−NP
|Δc|=1 (red square) to |Δc| = 2 and |Δs| = 1 operators.

Weak mixing effects via a W (blue wavy line) exchange (right-hand-side diagram) and UV
sensitive contributions, quadratic in Heff−NP

|Δc|=1 (left-hand-side diagram).

4. – Implications of ΔaCP for physics beyond SM

In the following we will therefore assume the SM does not saturate the experimental
value, leaving room for potential NP contributions. These can again be parametrized in
terms of an effective Hamiltonian valid below the W and top mass scales

(9) Heff−NP
|Δc|=1 =

GF√
2

∑
i

C
NP(′)
i Q(′)

i ,

where the relevant operators Q(′)
i have been defined in [3]. Introducing also the NP

hadronic amplitude ratios as RNP,i
K,π ≡ GF 〈K+K−, π+π−|Q(′)

i |D0〉/
√

2(As,d
K,π −Ad,s

K,π) and
writing CNP

i = v2
EW/Λ2, the relevant NP scale Λ is given by

(10)
(10TeV)2

Λ2
=

(0.61 ± 0.17) − 0.12 Im(ΔRSM)
Im(ΔRNP,i)

.

Comparing this estimate to the much higher effective scales probed by CP violating
observables in D mixing and also in the kaon sector, one first needs to verify, if such large
contributions can still be allowed by other flavor constraints. Within the effective theory
approach, this can be estimated via so-called “weak mixing” of the effective operators
(see fig. 2). In particular, time-ordered correlators of Heff−NP

|Δc|=1 with the SM effective
weak Hamiltonian can, at the one weak loop order, induce important contributions to
CP violation in both D meson mixing and kaon decays (ε′/ε). On the other hand,
analogue correlators, quadratic in Heff−NP

|Δc|=1 turn out to be either chirally suppressed and
thus negligible, or yield quadratically divergent contributions, which are thus highly
sensitive to particular UV completions of the effective theory [3].

4.1. Universality of CP violation in ΔF = 1 processes. – The strongest bounds can
be derived for a particular class of operators, which transform non-trivially only under
the SU(3)Q subgroup of the global SM quark flavor symmetry GF = SU(3)Q×SU(3)U ×
SU(3)D, respected by the SM gauge interactions. In particular one can prove that their
CP -violating contributions to ΔF = 1 processes have to be approximately universal
between the up and down sectors [11]. Within the SM one can identify two unique sources
of SU(3)Q breaking given by Au ≡ (YuY †

u )/tr and Ad ≡ (YdY
†
d )/tr, where /tr denotes the

traceless part. Then in the two generation limit, one can construct a single source of CP
violation, given by J ≡ i[Au,Ad] [12]. The crucial observation is that J is invariant under
SO(2) rotations between the Au and Ad eigenbases. Introducing now SU(2)Q breaking
NP effective operator contributions of the form QL = [(XL)ij Qiγ

μQj ]Lμ, where Lμ
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denotes a flavor singlet current, it follows that their CP -violating contributions have to
be proportional to J and thus invariant under flavor rotations. The universality of CP
violation induced by QL can be expressed explicitly as [11]

(11) Im(Xu
L)12 = Im(Xd

L)12 ∝ Tr (XL · J) .

The above identity holds to a very good approximation even in the three-generation
framework. In the SM, large values of Yb,t induce a SU(3)/SU(2) flavor symmetry-
breaking pattern [13] which allows to decompose XL under the residual SU(2) in a
well-defined way. Finally, residual SM SU(2)Q breaking is necessarily suppressed by
small mass ratios mc,s/mt,b, and small CKM mixing angles θ13 and θ23.

The most relevant implication of eq. (11) is that it predicts a direct correspondence be-
tween SU(3)Q-breaking NP contributions to ΔaCP and ε′/ε [11]. It follows immediately
that stringent limits on possible NP contributions to the later, require SU(3)Q-breaking
contributions to the former to be below the per mile level (for ΔRNP,i = O(1)).

As a corollary, one can show that within NP scenarios which only break SU(3)Q, ex-
isting stringent experimental bounds on new contributions to CP -violating rare semilep-
tonic kaon decays KL → π0(νν̄, +−) put robust constraints on CP asymmetries of
corresponding rare charm decays D → π(νν̄, +−). In particular |a���SU(3)Q

πe+e− | � 2% [11].
The viability of the remaining 4-quark operators in Heff−NP

|Δc|=1 as explanations of the
ΔaCP value in eq. (6), depends crucially on their flavor and chiral structure. In particular,
operators involving purely right-handed quarks are unconstrained in the effective theory
analysis but may be subject to severe constraints from their UV sensitive contributions
to D mixing observables. On the other hand, QED and QCD dipole operators are at
present only weakly constrained by nuclear EDMs and thus present the best candidates
to address the ΔaCP puzzle [3].

5. – Explanations of ΔaCP within NP models

Since the announcement of the LHCb result, several prospective explanations of ΔaCP

within various NP frameworks have appeared. In the following we briefly discuss ΔaCP

within some of the well-motivated beyond SM contexts.
In the Minimal Supersymmetric SM (MSSM), the right size of the QCD dipole op-

erator contributions can be generated with non-zero left-right up-type squark mixing
contributions (δu

12)LR [1, 14] (see fig. 3). Para- metrically such effects in ΔaCP can be
written as [14]

(12) |ΔaSUSY
CP | ≈ 0.6%

(
| Im(δu

12)LR|
10−3

) (
TeV
m̃

)
,

where m̃ denotes a common squark and gluino mass scale. At the same time dangerous
contributions to D mixing observables are chirally suppressed. It turns out however
that even the apparently small (δu

12)LR value required implies a highly nontrivial flavor
structure of the UV theory, in particular large trilinear (A) terms and sizable mixing
among the first two generation squarks (θ12) are required [14]

Im(δu
12)LR ≈ Im(A)θ12mc

m̃
≈

(
Im(A)

3

) (
θ12

0.3

)(
TeV
m̃

)
0.5 × 10−3.
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(δu12)LR

Fig. 3. – Sample one-loop squark (dashed black line)-gluino (combined straight and curly purple
line) exchange diagram contributing to |Δc| = 1 QCD dipole operators in the MSSM. The (red)
cross denotes an off-diagonal mass insertion ((δu

12)LR). The gluon (curly green line) can be
attached to any of the other (quark, squark, gluino) lines.

Similarly, warped extra dimensional models [15] that explain the quark spectrum
through flavor anarchy [15, 16] can naturally give rise to QCD dipole contributions (see
fig. 4) affecting ΔaCP as [17]

(13) |ΔaRS
CP | ≈ 0.6%

(
Y5

6

)2 (
3TeV
mKK

)2

,

where mKK is the KK scale and Y5 is the 5D Yukawa coupling in appropriate units of
the AdS curvature. Reproducing the experimental value of ΔaCP requires near-maximal
5D Yukawa coupling, close to its perturbative bound [18] of 4π/

√
NKK � 7 for NKK = 3

perturbative KK states. In term, this helps to suppress dangerous tree-level contribu-
tions to CP violation in D-D̄ mixing [19]. This scenario can also be interpreted within
the framework of partial compositeness in four dimensions, but generic composite models
typically predict even larger contributions [20].

On the other hand, in the SM extension with a fourth family of chiral fermions ΔaCP

Y5 Y5

H

Fig. 4. – Sample one-loop Higgs (dashed red line)-(KK) quark (straight blue line) exchange
diagram contributing to |Δc| = 1 QCD dipole operators in warped extra-dimensional (and
similarly in partial compositeness) models. The (red) cross denotes a Dirac mass insertion. The
gluon (curly green line) can be attached to any of the quark lines.



CP VIOLATION IN THE CHARM SYSTEM 189

can be affected by 3 × 3 CKM nonunitarity and b′ penguin operators

(14) |Δa4th gen
CP | ∝ Im

(
λb′

λd − λs

)
.

However, due to the existing stringent constraints on the new CP -violating phases en-
tering λb′ [21], only moderate effects comparable to the SM estimates are allowed [22].

6. – Prospects

Continuous progress in Lattice QCD methods (c.f. [23]) gives hope that ultimately
the role of SM long distance dynamics in ΔaCP could be studied from first principles. In
the meantime it is important to identify possible experimental tests able to distinguish
standard vs. non-standard explanations of the observed value.

Explanations of ΔaCP via NP contributions to the QCD dipole operators generically
predict sizable effects in radiative charm decays [24]. First, in most explicit NP models
the short-distance contributions to QCD and EM dipoles are expected to be similar.
Moreover, even assuming that only a non-vanishing QCD dipole is generated at some
high scale, the mixing of the two operators under the QCD renormalization group implies
comparable size of the two contributions at the charm scale. Unfortunately, the resulting
effects in the rates of radiative D → Xγ decays are typically more than two orders of
magnitude below the long-distance dominated SM effects [17]. This suppression can be
partly lifted when considering CP asymmetries in exclusive D0 → P+P−γ transitions,
where MPP =

√
(pP+ + pP−)2 is close to the ρ, ω, φ masses [24].

An alternative strategy makes use of (sum rules of) CP asymmetries in various
hadronic D decays (necessarily including neutral mesons). It is effective in isolating
possible non-standard contributions to ΔaCP if they are generated by effective operators
with a ΔI = 3/2 isospin structure [25] (which unfortunately does not include the QCD
dipoles).

We note in passing that even though potential NP contributions to ΔaCP at
short distances may respect U-spin (like the QCD dipole operators), the measured
D → ππ,Kπ,KK decay rates imply sizable flavor SU(3) breaking due to final state
long distance rescattering effects [7, 10]. Thus aπ+π− � −aK+K− cannot be expected
neither if the measured ΔaCP value is due to enhanced SM long-distance dynamics, nor
if it is due to short-distance NP contributions.

Finally, correlations of non-standard contributions to ΔaCP with other CP -violating
observables like electric dipole moments, rare top decays or down-quark phenomenology
are potentially quite constraining but very NP model dependent [14,26].
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Summary. — The CDF and D0 experiments at the Fermilab Tevatron proton-
antiproton collider have been producing world’s leading results on many interesting
heavy-flavor physics topics. We report here three recent CDF results on B0

s meson
dynamics. An updated search for ultra rare B0

s meson decays into dimuon final states
and new bounds on the B0

s mixing phase and decay-width difference using B0
s →

J/ψφ decays are summarized, both based on the whole Run II dataset corresponding

to 10 fb−1. A new measurement of the branching fractions of the B0
s → D

(∗)+
s D

(∗)−
s

decays uses 6.8 fb−1 of data is also reported.

PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.
PACS 13.20.He – Decays of bottom mesons.
PACS 13.25.Hw – Decays of bottom mesons.

1. – Introduction

Heavy-flavor physics enables probing the fundamental structure of matter and its
interactions. Besides its significant contributions in establishing the standard model
(SM), flavor physics plays a central role in the pursuit of new physics beyond the standard
model (BSM). Decays of B0

s mesons are especially interesting since limited experimental
information was available until recently, and a few tantalizing puzzles have emerged from
data, e.g. the 3.9σ anomaly in the dimuon charge asymmetry [1].

In the last decade, the Tevatron pp̄ collider at
√

s = 1.96 TeV has been providing
the most promising opportunity to study B0

s physics. At the Tevatron, b quarks are
pair-produced with a cross section [2] three orders of magnitude higher than at e+e−

colliders, and with an energy sufficient to generate all sorts of b hadrons. This allowed
study of ultra rare decays, such as those arising from flavor changing neutral current
(FCNC) processes and to first access measurements of CP -violating parameter in B0

s

meson mixing and decay.
The Tevatron ended its operations in late September 2011, and many analyses are

now in progress at CDF and D0 that use the whole dataset, corresponding to about

c© Società Italiana di Fisica 191
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10 fb−1 or a large fraction of that. We report here three recent CDF results including
an updated search for rare B0

s meson decays, new bounds on the B0
s mixing phase and

on the B0
s mass-eigenstates decay-width difference using B0

s → J/ψφ decays, and the
measurement of the branching fractions of the B0

s → D
(∗)+
s D

(∗)−
s decays.

2. – Bs,d → μμ

The B0
s (B0) → μ+μ− decays involve a flavor-changing neutral current (FCNC) pro-

cess. The decay rates are further suppressed by the helicity factor, (mμ/mB)2. The B0

decay is also suppressed with respect to the B0
s decay by the ratio of CKM elements,

|Vtd/Vts|2. The SM expectations for these branching fractions are B(B0
s → μ+μ−) =

(3.2 ± 0.2) × 10−9 and B(B0 → μ+μ−) = (1.0 ± 0.1) × 10−10 [3]. As many new physics
models can enhance the rate significantly, these decays provide sensitive probes for new
physics. Over the last decade, ever improving upper limits where set by the CDF and
D0 collaborations, which strongly constrained the parameters space of such models.

Using 7 fb−1 of data, in 2011 CDF reported an intriguing excess of signal-like events
over background in the B0

s → μ+μ− channel at a level of 2.5 standard deviations, which
led to the first double-sided bounds on the rate of the B0

s → μ+μ− [4]. Despite the hint
of an excess, the CDF result was compatible with the SM expectation and null searches
with similar sensitivity by LHCb [5] and CMS [6] as well as with an older D0 result [7].
In early 2012, CDF updated the analysis to the whole dataset of nearly 10 fb−1 to further
investigate such effect. No improvements were introduced in the analysis on purpose to
keep it identical to the 7 fb−1 analysis and study the evolution of the effect in the most
unbiased way.

CDF selects two oppositely-charged muon candidates within a dimuon mass 4.669 <
mμ+μ− < 5.969 GeV/c2. The muon candidates are required to have pT > 2.0 GeV/c,

and �pT
μ+μ−

> 4 GeV/c, where �pT
μ+μ−

is the transverse component of the sum of the
muon momentum vectors. Data are divided into two exclusive categories, “CC” (both
muon in the central detector) and “CF” (one muon central the other muon forward).
The event selection is optimized using an artificial neural network (NN) that uses 14
discriminating variables, such as the dimuon isolation and dimuon impact parameter.
The NN discriminant is designed to have no dimuon mass dependence, and such a con-
dition is verified by cross checks data. Figure 1 shows both the signal and background
distribution represented by the simulated signal and the sideband data.

The dominant residual background comes from the smoothly distributed combina-
torial component. Peaking backgrounds from B → hh decays where the hadrons fake
muons also contribute. Their effect is determined from data and simulation to affect
the B0

d search more than the B0
s . The background estimation is tested in various con-

trol samples, e.g. opposite-sign muon pairs which have negative B lifetime or same-sign
dimuons, showing good agreement with observed background yields.

Data from the B0 → μ+μ− search are shown in fig. 2. The data are consistent with the
background prediction, yielding an observed limit of B(B0 → μ+μ−) < 4.6(3.8) × 10−9

at the 95% (90%) CL An ensemble of background-only pseudoexperiments is used to
estimate the consistency of data with the background-only hypothesis as a p-value of
41%. In the B0

s search, the data show a mild excees over background prediction in bins
with NN > 0.97 (fig. 3) The p-value for the background-only hypothesis is 0.94%, which
becomes 7.1% if the hypothesis of a SM signal and background is tested. A likelihood fit
determines B(B0

s → μ+μ−) = (1.3+0.9
−0.7)× 10−8. Additionally, a bound at 90% (95%) CL
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Fig. 1. – NN distributions of the simulated signal (dashed) and the sideband data (solid).

on the branching fraction of the B0
s → μ+μ− is set at 0.8 × 10−9 < B(B0

s → μ+μ−) <
3.9 × 10−8 (2.2 × 10−9 < B(B0

s → μ+μ−) < 3.0 × 10−8). The mild excess observed
in summer 2011 is not reinforced by the 30% additional data, but a larger than 2σ
deviation from the background-only expectation remains. These results are consistent
with previous CDF measurement [4], other experiments [7-9], and the SM.
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Fig. 3. – Dimuon mass distribution for the B0
s → μ+μ− measurements. The SM expectations

are shown by the dark-gray areas, as in fig. 2.

3. – CP violation in the B0
s system

As in the neutral B0 system, CP violation in the B0
s system may occur also through

interference of decays with and without the B0
s -B0

s mixing. The B0
s -B0

s mixing occurs
via second-order weak processes. It is described in the SM by Δms and ΔΓs, the mass
and decay width difference of the two mass eigenstates, B0

s H and B0
s L. The quantity

ΔΓs = ΓsL − ΓsH = 2|Γ12| cos(φs) is sensitive to new physics effects that affect the
phase φs = arg(−M12/Γ12), where Γ12 and M12 are the off-diagonal elements of the
mass and decay matrices and ΓsH(ΓsL) is the decay width of B0

s H (B0
s L). In the SM,

the B0
s -B0

s CP -violating phase φSM
s is predicted to be as small as 0.004 [10]. However

a broad class of BSM models predict new sources of CP violation that can greatly
enhance it. If such new physics has a different phase φNP

s from the SM, the φs could
be dominated by φNP

s . The most promising probe of the phase is the study of the
time-evolution of B0

s → J/ψφ decays, where the CP -violating phase β
J/ψφ
s enters. This

is defined as the phase between the direct B0
s → J/ψφ decay amplitude and mixing

followed by decay amplitude. The phase βSM
s is described by CKM matrix elements

as arg(−VtsV
∗
tb/VcsV

∗
cb) and predicted to be small, 0.02 [10]. Since φNP

s contributes to
both φs and βs, large βs would indicate the existence of a new physics contribution.
CDF updates the βs measurement using the whole dataset, collected with a low-pT

dimuon trigger corresponding to nearly 10 fb−1. Candidate B0
s → J/ψφ decays are

reconstructed from J/ψ → μ+μ− and φ → K+K− final states. About 11 000 signal
events are selected with a neural network discriminator (fig. 4 (left)). To extract ΔΓs

and βs, an unbinned maximum-likelihood fit is performed on the time-evolution of signal
candidates. Enhanced sensitivity to the desired observables is reached by using an angular
analysis to statistically separate CP -even and -odd final states. Information about mixing
is obtained from tagging the production flavor of the bottom-strange mesons. Two
flavor tagging algorithms are employed, opposite-side tagging (OST) and same-side kaon
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Fig. 4. – Left: J/ψK+K− mass distribution. Right: Two-dimensional 68% (95%) C.L. regions

of β
J/ψφ
s (horizontal) and ΔΓs (vertical) shown as enclosed by the dashed (dot-dashed) contours.

The shaded band shows the allowed region if only mixing-induced CP violation occurs.

tagging (SSKT). The OST exploits the charge information of decay products coming from
opposite side of the B0

s meson while the SSKT uses the charge of the kaon produced in
association with the b or b̄ quark in the fragmentation process. OST has been recalibrated
using about 82 000 B± → J/ψK± decays, achieving a tagging performance of εD2 =
(1.39 ± 0.01)%. The SSKT algorithm has only been used in half of the data sample
(εD2 = (3.2 ± 1.4)%), since calibration on the full sample has not been completed yet.
This degrades the statistical resolution of the mixing phase measurement by no more
than 15%. Assuming no CP violation, CDF finds

τs = 1.528 ± 0.019(stat) ± 0.009(syst) ps,

ΔΓs = 0.068 ± 0.026(stat) ± 0.007(syst) ps−1,

|A0(0)|2 = 0.512 ± 0.012(stat) ± 0.017(syst),

|A||(0)|2 = 0.229 ± 0.010(stat) ± 0.014(syst),

δ⊥ = 2.79 ± 0.53(stat) ± 0.15(syst) rad.

These quantities are consistent with previous measurements [11, 12] and amongst the
world’s most precise currently available. From a fit in which CP violation is allowed,
CDF extracts confidence intervals using a profile-likelihood ratio statistics in which cov-
erage has been verified against the effect of systematic uncertainties and irregularities
of the likelihood, βs ∈ [−π/2,−1.51] ∪ [−0.06, 0.30] ∪ [1.26, π/2] at the 68% confidence
level, and βs ∈ [−π/2,−1.36] ∪ [−0.21, 0.53] ∪ [1.04, π/2] at the 95% confidence level, in
agreement with the SM prediction. CDF also reports 68% and 95% confidence regions in
the βs-ΔΓs plane including systematic uncertainties in fig. 4 (right). The measurements
are compatible with the SM predictions of βs and ΔΓs within less than one standard
deviation, and also consistent with other recent determinations [12,13].
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Fig. 5. – From top-left to bottom-right, B0
s → D+

s (→ φπ+)D−
s (→ φπ−), B0 → D+

s (→
φπ+)D−(→ K+π−π−), B0

s → D+
s (→ K̄∗0K+)D−

s (→ φπ−), B0 → D+
s (→ K̄∗0K+)D−(→

K+π−π−) invariant mass distributions, respectively. The points show data. The solid curves
and dashed curve mean the fitted signals and background, respectively.

4. – B0
s → D(∗)+

s D(∗)−
s

A measurement of the decay rates of B0
s → D

(∗)+
s D

(∗)−
s decays may provide useful

information on the B0
s width difference in the SM. Some authors suggest that ΔΓs/Γs

can be inferred by a measurement of B(B0
s → D

(∗)+
s D

(∗)−
s ) under certain theoretical

assumptions on the decay model [14,15], i.e.,

(1) 2B(B0
s → D(∗)+

s D(∗)−
s ) ∼ ΔΓs

Γs + ΔΓs/2
.

However, it has been pointed out recently that three-body decays may provide a sig-
nificant contribution to ΔΓs, thus invalidating the above relationship. The branching
fractions have been measured by CDF [16], D0 [17], and Belle [18], but more data are
necessary to reach a precision that can provide some constraint on ΔΓs.

CDF updates the measurement of the decay modes using 6.8 fb−1 of data collected
with a trigger on tracks displaced by the primary pp̄ interaction. The decays are partially
reconstructed as B0

s → D+
s D−

s + anything, since the photon and the neutral pion from the
D∗+

s → D+
s γ and D∗+

s → D+
s π0 decays are not reconstructed due to their low detection

efficiency. The Ds meson is reconstructed from Ds → K∗0K or Ds → φ(→ KK)π decays.
The K∗0 meson is selected with 0.837 < M(K−π+) < 0.947 GeV/c2 centered on the
known K∗0 mass and the φ meson is selected with 1.005 < M(K+K−) < 1.035 GeV/c2

centered on the known φ mass. As a normalization channel, B0 → D+(→ Kππ)D−
s

is reconstructed to normalize the branching fractions. Pairs of D+
s → φπ+ or D+

s →
K̄∗0K+ candidates and D−

s → φπ− candidates are combined to form B0
s candidates

and fitted to a common vertex. Combinations of K∗0 decay channels are not used since
that final state has a large background compared to the signal. The event selection is
further optimized using a neural network. A simultaneous fit to the reconstructed signal
and normalization mass distribution yields B0

s production rate times B0
s → D

(∗)+
s D

(∗)−
s
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branching fractions relative to B0 → D+
s D−:

(2) fX =
fs

fd

B(B0
s → X)

B(B0 → D+
s D−)

,

for X = D+
s D−

s , D∗±
s D∓

s , D∗+
s D∗−

s , and D
(∗)+
s D

(∗)−
s , where fs/fd is the relative produc-

tion rate of B0
s to B0 mesons. The simultaneous fit helps the determination of the yields of

the four final states while properly accounting for the effect ofcross feeds. Figure 5 shows
mass distributions with fit results overlaid. The Ds Dalitz structure is explicitly consid-
ered in the reconstruction for accurate acceptance determination and reduction of the
relevant systematic uncertainty. The following absolute branching fractions are derived:

B(B0
s → D+

s D−
s ) = (0.49 ± 0.06 ± 0.05 ± 0.08)%,

B(B0
s → D∗±

s D∓
s ) = (1.13 ± 0.12 ± 0.19 ± 0.09)%,

B(B0
s → D∗+

s D∗−
s ) = (1.75 ± 0.19 ± 0.17 ± 0.29)%,

B(B0
s → D(∗)+

s D(∗)−
s ) = (3.38 ± 0.25 ± 0.30 ± 0.56)%.

The first, second, and third component of the uncertainty refers to the statistical,
systematic, and normalization uncertainties, respectively. The above results are the
most precise branching fractions for these modes from a single experiment.
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Summary. — B physics results from the ATLAS detector at the LHC are presented
using data collected during 2010 and 2011. Inclusive production cross-sections for
quarkonia are measured and compared to theoretical predictions. Both the average
B-hadron lifetime and the lifetime of exclusively reconstructed B0

d and B0
s mesons

are presented. A first observation of the χb(3P ) bb̄ state is also reported.

PACS 13.20.Gd – Decays of J/Ψ, Υ, and other quarkonia.
PACS 14.40.Nd – Bottom mesons (|B| > 0).
PACS 14.40.Pq – Heavy quarkonia.

1. – Introduction

The ATLAS detector [1] at the Large Hadron Collider (LHC) is designed as a general-
purpose detector with the main focus on high-momentum discovery physics. However, it
also has a dedicated B physics programme, the latest results from which are presented
here. The B physics programme concentrates on low momentum dimuon B signatures
which can be efficiently triggered at an affordable event rate. This allows the study of
quarkonia production (an important test of QCD), B-hadrons decaying to J/ψX (for
mixing and CP violation studies) and the search for rare decays of B-hadrons into final
states containing two muons.

The most important elements of the detector for B physics measurements are the
Inner Detector tracker and the Muon Spectrometer. The Inner Detector consists of silicon
pixel and microstrip detectors and a transition radiation tracker covering |η| < 2.5 and
immersed in a 2 T magnetic field. The Muon Spectrometer covers |η| < 2.7, it consists
of precision tracking chambers and detectors designed for triggering, both of which are
within a toroidal magnetic field of 0.5 T. During 2010 and 2011 ATLAS has recorded
48 pb−1 and 5.6 fb−1 of data from p-p collisions at a centre-of-mass energy

√
s = 7 TeV.

During low luminosity data-taking in early 2010 B physics events could be triggered
using low momentum single muons. With increasing luminosity these triggers were either
prescaled or had increased thresholds applied which severely limits the acceptance for B
physics events. For this reason, dedicated B physics triggers based on dimuons had been

c© CERN on behalf of the ATLAS Collaboration under CC BY-NC 3.0 199
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Fig. 1. – Invariant mass of oppositely charged muon candidate pairs selected by a variety of
ATLAS triggers. The coloured histograms show those events selected by the dedicated Bphysics
triggers compared to those triggered by the single muon trigger (grey). The different colours
correspond to triggers with different mass ranges (red: 2.5–4.3 GeV (“Jpsimumu”), green: 4–
8.5 GeV (“Bmumu”), blue: 8–12 GeV (“Upsimumu”)).

developed. These require two low-momentum muons (pT > 4 GeV) to be identified at
the first (hardware) level of the trigger. Once the muons are confirmed in the High Level
Trigger, a fit is performed to the combined vertex and mass constraints are applied.

Figure 1 shows the dimuon mass spectrum for events recorded during the first half
of 2011 data taking. It was possible to run the lowest theshold (“2mu4”) triggers un-
prescaled for the whole of the 2011 data-taking period. The coloured histograms show
the significant data sample collected by the dedicated B physics triggers.

2. – Quarkonia production measurements

Quarkonia (J/ψ and Υ) production has been studied since the discovery of the parti-
cles in the 1970s but it is still not fully understood. In particular, there is no explanation
of the production mechanism which can explain both cross-section and spin-alignment
measurements from previous experiments. The LHC provides the opportunity to test
existing models at a higher energy regime, higher transverse momentum scale and wider
rapidity range than previously.

Using 2.2 pb−1 of data from 2010, ATLAS has measured the inclusive J/ψ → μ+μ−

cross-section and the fraction of J/ψ which are produced non-promptly via decay of a
B-hadron [2]. By combining these two measurements, separate cross-sections for the
prompt and non-prompt J/ψ are also made.

The selected J/ψ events are corrected event-by-event for detector acceptance, recon-
struction efficiency and trigger efficiency. An unbinned maximum-likelihood fit to the
J/ψ mass spectrum is used to extract the cross-section in bins of rapidity and trans-
verse momentum (pT ). Figure 2 shows the inclusive J/ψ cross-section for one rapidity
bin. The largest source of systematic uncertainty on the measurement of the J/ψ cross-
section is due to the spin alignment of the J/ψ which is unknown and affects the kinematic
acceptance. Five extreme spin alignment scenarios are considered and maximum devia-
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Fig. 2. – Inclusive J/ψ cross-section as a function of J/ψ transverse momentum for the rapidity
bin 0.75 < |y| < 1.5. The equivalent results from CMS are overlaid. The luminosity uncertainty
(3.4%) is not shown.

tions of the acceptance correction are assigned as systematic effects. These uncertainties
are regarded as theoretical rather than experimental and are shown in fig. 2.

At the LHC, J/ψ can be produced either promptly from the hard interaction or non-
promptly via the decay of a B-hadron. It is possible to distinguish the J/ψ from b-decays
from those produced promptly as the prompt decays occur at the primary vertex while
the non-prompt J/ψ have a measurably displaced dimuon vertex due to the long lifetime
of the parent B-hadron. The pseudo-proper time (τ) (using the mass and transverse
momentum of the J/ψ rather than those of the B-hadron) is used as a discriminant:

(1) τ =
Lxy m

J/ψ
PDG

p
J/ψ
T

.

where Lxy is the transverse decay length of the J/ψ vertex. The sample is divided into
bins of pT and rapidity of the J/ψ candidates. In each bin, a simultaneous unbinned
maximum likelihood fit to the invariant mass and pseudo-proper time is performed to
extract the fraction of J/ψ produced via B-decays. Figure 3 shows the pseudo-proper
time distribution (left) and the non-prompt fraction (right) for one bin and the fraction
results are compared to those from CDF and CMS. The non-prompt fraction increases
rapidly with pT and no significant rapidity dependence is observed. The results agree
well with both the CMS and CDF results where they overlap. The agreement with CDF
indicates that there is no dependence of the fraction on the collision energy.

By combining the information from the inclusive cross-section and the non-prompt
B-fraction (F ) it is possible to extract the non-prompt and prompt cross-sections sepa-
rately; the prompt cross-section can be derived by multiplying the inclusive production
cross-section by (1 − F ). Figure 4 shows the non-prompt (left) and prompt (right) J/ψ
production cross-sections as a function of J/ψ transverse momentum compared to the-
oretical predictions. The measured non-prompt cross-section is in good agreement with
Fixed-Order Next-to-Leading-Log theoretical predictions [3]. The prompt cross-section
is compared to colour singlet (CSM) NLO and NNLO* pQCD predictions [4] and to the
phenomenological Colour Evaporation Model (CEM) [5]. The CEM prediction is gener-
ally lower than the data and does not describe the shape of the distribution well. The
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Fig. 3. – Left: Pseudo-proper time distribution of J/ψ → μ+μ− candidates for a selected pT bin
(9.5 < pT < 10.0 GeV) in the |y| < 0.75 rapidity bin. The points are data, the solid line is the
result of the unbinned maximum-likelihood fit. Right: J/ψ non-prompt fraction as a function
of J/ψ transverse momentum. Overlaid is a band representing the variation of the result under
various spin-alignment scenarios. Results from CMS and CDF are also shown.

CSM predictions describe the shape better and the NNLO* prediction shows a significant
improvement in the normalisation over the NLO prediction.

Using 1.1 pb−1 of 2010 data, an unbinned maximum-likelihood fit to the Υ(1S) in-
variant mass spectrum is used to measure the cross-section in bins of rapidity and
transverse momentum [6]. In this case the measurement is restricted to the fiducial
region pμ

T > 4 GeV, |ημ| < 2.5 to remove the spin alignment uncertainty. An exam-
ple of the unfolded differential cross-section in one rapidity bin is shown in fig. 5. The
data are compared to the colour singlet NLO (CSM) prediction and significant disagree-
ment is observed. However, the prediction does not include feed-down from higher mass
states which was estimated to contribute a factor of two at the Tevatron. A compar-
ison is also made to predictions from PYTHIA 8.135 using NRQCD, the shape of the
data distribution is not well described although the overall nomalisation agrees within a
factor 2.

Fig. 4. – Non-prompt (left) and prompt (right) J/ψ production cross-sections as a function of
J/ψ pT . The non-prompt cross-section is compared to predictions from FONLL theory. The
prompt cross-section is compared to predictions from NLO and NNLO* calculations, and the
Colour Evaporation Model. Overlaid are bands representing the variation of the result under
various spin-alignment scenarios representing a theoretical uncertainty on the non-prompt and
prompt component.
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p
Υ(1S)
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T > 4 GeV and |ημ| < 2.5 on both muons. Also shown is the CSM prediction and
the NRQCD prediction as implemented in PYTHIA8 for a particular choice of parameters.

3. – B-hadron properties

In ATLAS, B-hadrons can be reconstructed exclusively from their decays to J/ψ, i.e.
B → J/ψ(μ+μ−)X. A number of B-hadrons have been observed in ATLAS through
such decays [7]. Some of these are useful as reference channels for other measurements,
e.g. B± → J/ψK± is used as a reference in the search for the rare B-decay Bs → μ+μ−.
Other channels will be used in the future for important physics measurements, e.g. B0

s →
J/ψφ for CP violation studies, Λb → J/ψΛ for the measurement of the Λb polarisation.
Two example invariant mass distributions are shown in fig. 6 for Λb → J/ψΛ(p+π−)
(left) and B0

d → J/ψK0
s (ππ) (right). For all observed B-hadrons the measured masses

are in good agreement with the PDG values.
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Precise measurement of B-hadron lifetimes allow tests of theoretical predictions. Life-
time ratios for different species of B-hadrons are predicted by theory at the per cent level.
The lifetime difference of the two mass eigenstates of the B0

s system allows the measure-
ment of the B0

s mixing phase which generates CP violation in the B0
s → J/ψφ channel.

Before making such measurements the performance of the track and secondary vertex
reconstruction can be validated by measuring the lifetime of inclusive B → J/ψ(μ+μ−)X
decays. This inclusive sample has orders of magnitude higher statistics that fully re-
constructed exclusive B-hadrons. The average B-lifetime is extracted from the data by
peforming an unbinned maximum-likelihood fit simultaneously to the J/ψ invariant mass
and pseudo-proper decay time [8]. A correction factor is applied for the smearing intro-
duced by the use of the pseudo-proper time to extract the real B-hadron lifetime. This
factor is obtained from MC where the J/ψ momentum spectrum is re-weighted to match
the BaBar data. Figure 7 shows the invariant mass and pseudo-proper time projections
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from the fit. The measured average B-hadron lifetime is 1.1489 ± 0.016 ± 0.043 ps. The
main systematic uncertainty in this measurement is from the uncertainty in the radial
alignment of the Inner Detector. The result is in agreement with the expected average
lifetime computed using PDG lifetimes and production fractions from the different B-
hadron species. Lifetimes of the B0

d and B0
s mesons are measured using the exclusive

decay modes B0
d → J/ψK∗ and B0

s → J/ψφ [9]. Since in this case the B-hadron is fully
reconstructed the proper decay time (τ = LxymB/pB

T ) can be used together with the
mass in order to extract the yield, mass and lifetime in each channel. Figure 8 shows the
mass and proper time disributions for the B0

s → J/ψφ candidates. These measurements
use the full 2010 dataset and yield 2750 B0

d and 463 B0
s signal events. The lifetimes are

measured to be

τB0
d

= 1.51 ± 0.04(stat.) ± 0.04(syst.) ps,(2)

τB0
s

= 1.41 ± 0.08(stat.) ± 0.05(syst.) ps.(3)

4. – Observation of χb(3P )

The P -wave bb̄ χb states can be reconstructed in ATLAS through the radiative decay
to Υ. The χb(1P ) and χb(2P ) states have already been observed through this decay
mode at other experiments. Using 4.4 fb−1 of data from 2011, ATLAS has made the first
observation of the χb(3P ) state [10].

Pairs of oppositely charged muons are fit to a common vertex and required to have
an invariant mass in the ranges 9.25 < mμμ < 9.65 GeV and 9.80 < mμμ < 10.10 GeV in
order to select Υ(1S) and Υ(2S) candidates. Photons are reconstructed either directly in
the calorimeter or through a conversion to e+e−. χb candidates are formed by combining
a reconstructed Υ → μ+μ− candidate with a reconstructed photon candidate. The
invariant mass difference Δm = m(μμγ) − m(μμ) is calculated in order to minimise the
effect of Υ → μμ mass resolution. In order to compare the Δm distributions for the
Υ(1S)γ and the Υ(2S)γ the variable m̃k = Δm + mΥ(kS) is defined, where mΥ(kS) are
the world average masses [11] of the Υ(kS) states.
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Figure 9 shows the distribution for unconverted photons (left) and converted photons
(right). In addition to the expected peaks for χb(1P, 2P ) → Υ(1S, 2S)γ, structures are
observed at an invariant mass of approximately 10.5 GeV. These additional structures are
interpreted as the radiative decays of the previously unobserved χb(3P ) states, χb(3P ) →
Υ(1S) γ and χb(3P ) → Υ(2S) γ. The higher threshold for unconverted photons (2.5 GeV
versus 1 GeV for converted photons) prevents the reconstruction of the soft photons from
χb(2P, 3P ) decays into Υ(2S). An unbinned maximum likelihood fit is performed to the
m̃k distributions, the mass for χb(3P ) is found to be consistent in the unconverted and
converted photon cases. Since the uncertainty on the conversion measurement is smaller
this is used for the final mass determination of 10.539 ± 0.005(stat.) ± 0.009(syst.) GeV.

5. – Summary and outlook

The ATLAS B-physics programme has made many interesting and important mea-
surements of production cross-sections which are already providing important input for
theoretical models. ATLAS has also observed many B-hadrons and made measurements
of masses and lifetimes. These measurements are in agreement with PDG values and
demonstrate the experimental techniques which will be needed for future measurements
including searches for CP violation and rare B decays. The first observation of the
χb(3P ) state is reported. New results on CP violation measurements and rare decay
searches using the 2011 dataset can be expected soon.
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Summary. — In this article, we summarize some recent heavy-flavor measurements
performed by the CMS experiment. The inclusive b production cross-section, the
study of Λb → J/ψΛ and of other exclusive B-hadron decays, and the analysis of
prompt and non-prompt J/ψ and ψ(2s) are reviewed.

PACS 13.85.Qk – Inclusive production with identified leptons, photons, or other
nonhadronic particles.
PACS 14.20.Mr – Bottom baryons (|B| > 0).
PACS 14.40.Nd – Bottom mesons (|B| > 0).
PACS 14.40.Pq – Heavy quarkonia.

1. – Introduction

The analyses presented here were all performed with data collected by the CMS
experiment at LHC [1] during 2010 and 2011. In these two years, LHC has delivered
proton-proton collisions with a center-of-mass energy

√
s = 7 TeV, and the luminosity

collected by CMS has been ∼ 40 pb−1 in 2010 and ∼ 5 fb−1 in 2011.
The heavy-flavor program of CMS relies mainly on specialized di-muon triggers, and

takes advantage of the excellent tracking and vertexing capabilities of the CMS detector.
The di-muon triggers make use of the very flexible high-level-trigger (HLT) framework
of CMS, which allows to apply selections on such observables as invariant mass, decay
length, transverse momentum, and rapidity, already at the trigger level. This is needed in
order to keep a high trigger efficiency, coping at the same time with the strict bandwidth
limitations at the HLT.

The offline selections further refine the quality of the objects used in the analyses. In
particular, for the muons, the analyses described below use a set of “tight” selections,
having a rate of hadrons misidentified as muons of O(0.1%) and an efficiency > 80%.

(∗) Present address: Dipartimento di Fisica e Astronomia “Galileo Galilei”, Università di Padova
and INFN, Sezione di Padova - via Marzolo, 8 - 35131 Padova, Italy.
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Fig. 1. – The inclusive b-jet cross-section as a function of the b-jet pT for several rapidity ranges,
measured with the jet-based analysis in [2], compared with the predictions of mc@nlo (left),
and the ratio between data and NLO prepdictions (right).

This article is structured as follows: in sect. 2 we present the inclusive measurements
of b hadron properties, in sect. 3 we show some recent results on the reconstruction of
exclusive B-hadron final states, and in sect. 4 we review the measurements of charmonium
properties.

2. – Inclusive b and bb production

2.1. Inclusive b cross-section measurements. – The cross-section for the inclusive pro-
duction of b-jets has been measured in 2010 data with two different methods: a jet-based
analysis, which uses a sample corresponding to an integrated luminosity of 34 pb−1, and
a muon-based analysis, which uses a sample of 3 pb−1 of integrated luminosity [2]. The
jet data were collected using a combination of minimum-bias and single-jet triggers, while
the events used in the muon analysis were required to pass a single-muon trigger, with
pμ
T > 9 GeV and |ημ| < 2.4.

For both analyses, the b-tagging technique based on the presence of a secondary
vertex is used to enhance the b fraction of the sample. In the jet analysis, the b-tagging
purity is estimated with a template fit on the distribution of the secondary vertex mass,
and for the muon-based one, a fit on the muon momentum transverse to the direction of
the jet, prel

T , is used to discriminate between the b events and the background.
For both analyses, the main sources of systematic uncertainties are the jet energy

corrections (JEC), the determination of the b-tagging efficiency and purity, and the
integrated luminosity measurement.

In the left panel of fig. 1, the measured b-jet cross-section is shown as a function of
the jet pT for different rapidity bins. The theoretical prediction from mc@nlo [3, 4] is
also shown in the figure by the solid lines. In the right panel of fig. 1, the ratio between
the measured cross-section and the theoretical predictions is shown. The mc@nlo pre-
dictions are below data in the central region, and tend to be above data in the forward
region.
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The results of the muon-based analysis are shown in fig. 2 as a function of the b-jet
pT (left) and |y| (right), compared with the predictions from pythia [5] and mc@nlo.
The differential cross-section as a function of pT is in good agreement with mc@nlo,
while pythia predicts higher values at low transverse momentum. The shape of the
rapidity dependence measured in data is in agreement with the pythia prediction, while
a significant difference is observed with respect to mc@nlo.

The ratio between the b-jet and the inclusive jet cross-sections is shown in the left
panel of fig. 3. The fraction of b-jets increases with pT by a factor of 2, especially in the
central region.
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Fig. 4. – Projections of the two-dimensional template fits used to measure the cross-section of
the process pp → bbX → μμX′, for pT > 4GeV (left) and pT > 6GeV (right) [7].

The right panel of fig. 3 shows the results for the muon-based and the jet-based analy-
ses of CMS, compared with two sets of measurements from the ATLAS Collaboration [6].
The CMS and ATLAS results are compatible with each other, within the experimental
uncertainties.

2.2. Inclusive bb cross-section with muon pairs. – The cross-section for the inclusive
production of bb pairs, both decaying into muons, has also been measured with 27.9 pb−1

of data collected by CMS in 2010 [7].
The process pp → bbX → μμX′ has been studied by looking at events containing pairs

of muons, each with transverse momentum pT > 4 GeV (6 GeV) and pseudorapidity
|η| < 2.1. The sample composition has been determined by using a two-dimensional
template fit on the transverse impact parameters dxy of the two muons. Templates for
muons coming from b-hadron decays (B), c-hadron decays (C), and in-flight decays of
pions and kaons (D) have been determined from the simulation, while the template for
the prompt muon production (P) has been found from Υ → μμ decays in data.

Projections of the two-dimensional fits are shown in fig. 4 for the two pT thresholds
studied. The fraction of events with both muons coming from B decays is 66.8 ± 0.3%
for pT > 4 GeV and 70.2 ± 0.3% for pT > 6 GeV, where the errors are statistical only.

The main systematic uncertainties of the measurement come from the efficiency deter-
mination, from the models used to build the templates, and from the impact parameter
resolution.

The measured cross-sections are

σ
(
pp → bbX → μμX′, pT > 4GeV

)
= 26.4 ± 0.1(stat.) ± 2.4(syst.) ± 1.1(lumi.) nb,

and

σ
(
pp → bbX → μμX′, pT > 6GeV

)
= 5.12 ± 0.03(stat.) ± 0.48(syst.) ± 0.20(lumi.) nb.
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These values can be compared with the NLO predictions from mc@nlo, that are

σmc@nlo

(
pp → bbX → μμX′, pT > 4GeV

)
= 19.7 ± 0.3(stat.)+6.5

−4.1(syst.) nb,

and

σmc@nlo

(
pp → bbX → μμX′, pT > 6GeV

)
= 4.40 ± 0.14(stat.)+1.10

−0.84(syst.) nb.

Both predictions are lower than the measurements, but compatible with them within the
experimental and the theoretical uncertainties.

3. – Exclusive B decays

3.1. Λb → J/ψΛ cross-section. – The production cross-section of the Λb baryon has
been studied at CMS as a function of the transverse momentum and rapidity, using a
data sample collected in 2011 and corresponding to an integrated luminosity of 1.9 fb−1.
The decay Λb → J/ψΛ, followed by J/ψ → μ+μ− and Λ → pπ has been used [8].

Events are triggered by the presence of a pair of muons compatible with the decay of
a J/ψ displaced by at least three standard deviations from the average position of the
main proton-proton collision. Muons are selected offline by requiring them to be fully
reconstructed in the tracker and in the muon stations, with “tight” quality selections.

The Λ candidates are formed from tracks with opposite charge which come from a
common vertex. Candidate pairs of tracks are retained for the analysis only if they have
an invariant mass compatible with the world-average Λ mass. Λb candidates are built
by combining a J/ψ candidate and a Λ candidate coming from a common vertex, using
a fit having the masses of the two particles constrained to their world-average values.

The overall efficiency to reconstruct the Λb decay chain is factorized as the product
of several terms, including the efficiencies to trigger and reconstruct the single muons,
and to combine them into the Λb candidate. The single-muon terms are taken from the
data, using the Tag&Probe technique, while the simulation truth is used to estimate the
effect of the di-muon correlation and to find the acceptance.

The measured differential cross-sections times the branching fraction, calculated in
bins of pT and y of the Λb, is shown in fig. 5 compared with the NLO predictions of
powheg [9, 10] and with the results of pythia. The slope of transverse momentum
spectrum is steeper than the theoretical predictions, while the shape of the rapidity
spectrum is in agreement with them, within the uncertainties.

The total cross-section for pΛb
T > 10 GeV and |yΛb | < 2.0, obtained as the sum of all

bins, is

σ (pp → ΛbX) × B (Λb → J/ψΛ) = 1.16 ± 0.06 ± 0.12 nb.

This is in good agreement with pythia, which predicts a cross-section of 1.19± 0.64 nb,
and higher than powheg, which predicts 0.63+0.41

−0.37 nb, with uncertainties dominated by
the one on B(Λb → J/ψΛ).

The analysis also found the ratio σ(Λb)/σ(Λb) in bins of pΛb
T and |yΛb |, to be consistent

with unity within the experimental precision, conferming the theoretical predictions.
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Fig. 5. – The differential cross-section for the process pp → Λb → J/ψΛ as a function of the
transverse momentum pT (left) and of the rapidity y (right) of the Λb [8].

3.2. Summary of cross-section measurements with exclusive B decays. – The result for
Λb can be compared to the previous CMS measurements of the production cross-section
of B+ [11], B0 [12], and Bs [13]. Figure 6 shows the differential cross-sections vs. pT for
the four particles, fitted to the Tsallis function [14]. The fit indicates a more steeply
falling pT spectrum for Λb than for the mesons, hinting to a change of the production
rate of Λb relative to mesons with pT. The observed behavior is compatible with previous
measurements performed at the Tevatron [15], and with a recent result released by the
LHCb Collaboration [16].
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Fig. 7. – Differential cross-sections for the production of J/ψ (top) and ψ(2s) (bottom) as a
function of the transverse momentum pT in different rapidity ranges. Prompt production is
shown in the left plots, and non-prompt in the right ones [17].

4. – Measurement of charmonium properties

The production of prompt and non-prompt J/ψ and ψ(2s) has been studied on a data
sample collected in 2010 by CMS and corresponding to 37 pb−1 of integrated luminos-
ity [17]. The decays of J/ψ and ψ(2s) into μ+μ− are reconstructed by looking at events
triggered by the presence of two muons, and selecting pairs of muons with opposite charge
which pass the “tight” quality selections and whose inner tracks come from a common
vertex.

The data has been divided into bins of rapidity and transverse momentum of the
J/ψ and ψ(2s), and for each bin the yield of prompt and non prompt production has
been found with a 2D unbinned maximum-likelihood fit on the invariant mass and the
pseudo-proper decay length � of the two mesons, defined as the most probable value of
the transverse distance between the di-muon vertex and the primary vertex, corrected
for the Lorentz boost. The cross-section in each bin is extracted from the result of
the fit, corrected for the loss in efficiency and for the acceptance. The main sources
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of uncertainties are the statistical error of the likelihood fits, the correlations of the
muon efficiencies, the vertex assignment, the models used in the fits, and the luminosity
measurement.

The results for the measured cross-sections are shown in fig. 7, compared with the
theoretical predictions from fonll [18,19]. The differential cross-sections for the prompt
production are in good agreement with the theory for both particles. For the non-
prompt production, the cross-section of the J/ψ is in agreement with the theory only for
pT < 30 GeV and is below it for larger transverse momenta, and the one of the ψ(2s) is
systematically lower than the prediction.

From the ratio of the non-prompt J/ψ and ψ(2s) cross-sections it is possible to extract
the branching fraction for the processes B → ψ(2s) + X. This is found to be

BF [B → ψ(2s) + X] = [3.08 ± 0.12(stat − syst) ± 0.13(theor) ± 0.42(BFpdg)] · 10−3.

This value is about three times more accurate than the previous world average [20].

5. – Conclusions

In the past two years, the CMS experiment has carried out a rich program of heavy-
flavor physics. The inclusive cross-sections for b quark production and for the production
of bb pairs decaying into muons have been measured using a variety of techniques ranging
from the b-tagging to the use of template fits based on prel

T and impact parameter. The
cross-section of the process Λb → J/ψΛ has also been measured, and compared with the
results previously obtained for B0, B+, and Bs, finding differences in the pT behavior
that hint to a dependence of the b fragmentation on the transverse momentum. Lastly,
the cross-section for the prompt and non-prompt production of J/ψ and ψ(2s) have
been measured, and from the latter, the most accurate measurement done so far of the
branching ratio of B → ψ(2s) + X has been extracted.

REFERENCES

[1] CMS Collaboration, JINST, 3 (2008) S08004.
[2] CMS Collaboration, JHEP, 04 (2012) 084.
[3] Frixione S. and Webber B. R., JHEP, 06 (2002) 029.
[4] Frixione S., Nason P. and Webber B. R., JHEP, 08 (2003) 007.
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Summary. — The LHCb measurements in the area of heavy-flavour spectroscopy
(X, Y, Z, Bc, B

∗∗) with part of the data collected in 2010 and 2011 are described in
this paper. We first summarise the recent results for X(3872) mass and production
and searches for X(4140). We then show the results of the search for orbitally
excited mesons (B∗∗

(s)) and their mass measurements. We also measure the mass and

production of B+
c meson and report the first observation of B+

c → J/ψπ+π+π−

decay channel.

PACS 14.40.Nd – Bottom mesons (|B| > 0).
PACS 14.40.Rt – Exotic mesons.

1. – The LHCb Experiment

The LHCb experiment [1], one of the four large detector experiments at the LHC,
is optimized for heavy-quark physics with the unique coverage in the forward region.
It collected around 0.04 fb−1 data in 2010 and 1 fb−1 data in 2011 with proton-proton
collisions at a centre-of-mass energy of 7 TeV. With the large amount of b events in
its acceptance (O(1011)/fb), LHCb is shedding new light in the field of heavy flavour
spectroscopy.

2. – X,Y,Z states

Recently, discoveries or evidences of new resonance structures have been made in the
charmonium or bottomonium systems which can not be included in the quark model.
The new resonance structures are denoted as “X,Y,Z” to indicate their unknown nature.
Many models [2] are discussed to explain these resonance structures such as tetraquark
models [3], molecular states [4] or charmonium hybrids with an excited degree of free-
dom [5]. LHCb has a program to understand the nature of these states. The current
results for the X(3872) and X(4140) states are described here.

c© CERN on behalf of the LHCb Collaboration under CC BY-NC 3.0 215
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Fig. 1. – Published measurements of the X(3872) mass in the J/ψπ+π− mode, by the Belle [6],
D0 [8], BaBar [13] and CDF [14] collaborations, and their comparision with the current LHCb
measurement. The average including the LHCb measurement is performed according to the
prescription given in ref. [15]. The sum of the D0 and D∗0 masses [15] is also shown.

2.1. X(3872). – The X(3872) meson was discovered in 2003 by the Belle Collaboration
with B± → X(3872)K± and X(3872) → J/ψπ+π− [6]. It was quickly confirmed by other
collaborations [7-9]. Some properties of X(3872) have been measured: for example,
the dipion mass spectrum by CDF [10], the quantum numbers constrained to either
JPC = 2−+ or 1++ [11], but its nature remains unknown. One possibility is that the
X(3872) state is a loosely bounded D∗0D̄0 molecular [12] motivated by the proximity of
its mass to the D∗0D̄0 threshold. In this case the X(3872) mass should be smaller than
the D∗0D̄0 threshold to have a negative binding energy. It is thus important to measure
X(3872) mass precisely to test it. The first measurement of the X(3872) mass in LHCb
is done with 37 pb−1 data collected in 2010 and yields:

MX(3872) = 3871.96 ± 0.46stat ± 0.10syst MeV/c2.(1)

We summarise the current experiment measurements of the mass of X(3872) in fig. 1. The
LHCb measurement is in good agreement with the published results [6,8,13,14]. Adding
our and the recent Belle [6] results, the world average of the mass of X(3872) is improved
from 3871.57 ± 0.25 MeV/c2 [15] to 3871.66 ± 0.18 MeV/c2. It is still indistinguishable
from the sum of the D0 and D∗0 masses obtained from the results of the global PDG
fit [15]. More precise measurements are needed to solve the puzzle. The current LHCb
result is dominated by the statistical error. With the collected 2011 data and coming
2012 data, our precision will be significantly improved.

Besides the measurement of the mass of X(3872), the inclusive production cross-
section is also studied in the phase space region pT ∈ [5, 20] GeV/c and η ∈ [2.5, 4.5] where
pT and η are the transverse momentum and rapidity of the X(3872). The measurement
gives

σ(pp → X(3872) + X) × B(X(3872) → J/ψπ+π−) = 4.7 ± 1.1stat ± 0.7syst nb.(2)
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The result is compared with the current available calculation for LHC using a non-
relativistic QCD model assuming that the cross-section is dominated by the production
of charm quark paris with negligible relative momentum [16]. The calculated results are
summed in our measured region and yield 13.0± 2.7 nb, which exceeds our measurement
by 2.8σ.

2.2. X(4140). – The observation of the X(4140) state (also referred to as Y (4140))
is claimed by the CDF Collaboration with 3.8σ evidence [17] using pp̄ collision data
collected at the Tevatron at a centre-of-mass energy of 1.96 TeV. A preliminary update
with 6.0 fb−1 data increases the significance to more than 5σ with 115±12 reconstructed
B+ → J/ψφK+ events and 19±6 X(4140) candidates. The measured mass and width are
4143.4+2.9

−3.0±0.6 MeV/c2 and 15.3+10.4
−6.1 ±2.5 MeV/c2 respectively. The relative branching

fraction was measured to be B(B+ → X(4140)K+) × B(X(4140) → J/ψφ)/B(B+ →
J/ψφK+) = 0.149 ± 0.039stat ± 0.024syst. There is also a claim of a 3.1σ evidence of
a second resonance state (X(4274)) in higher mass region with mass and width to be
4274.4+8.4

−6.7 ± 1.9 MeV/c2 and 32.3+21.9
−15.3 ± 7.6 MeV/c2, respectively. The observation of

the two resonance states near threshold has triggered widespread interest as charmonium
states above the open charm threshold are generally broad [18].

Using 0.37 fb−1 data collected in 2011, LHCb performed a similar search with 346 ±
20 reconstructed B+ → J/ψφK+ events. The invariant mass difference (M(J/ψφ) −
M(J/ψ)) distribution for the B+ → J/ψφK+ in the B+ (±2.5σ) and φ (±15 MeV/c2)
mass window is shown in fig. 2. To ease the comparison with CDF, we employ the
same fit model using a spin-zero relativistic Breit-Wigner shape for signal distribution
together with a three-body phase-space function for background distribution. Both are
convolved with the detector resolution (1.5±0.1 MeV/c2). The efficiency is obtained from
full simulation and coped into the distribution. Using the central value of the mass and
width from CDF, a binned maximum likelihood yields 6.4±4.9 X(4140) candidates while
the expected number from CDF gives 35 ± 9 ± 6. The fitted distribution and expected
distribution are shown on the top plot of fig. 2. An alternative background model is also
tried using a quadratic function multiplied by the three-body phase space factor, the fit
results are shown on the bottom plot of fig. 2. It gives a fit yield of 0.6 events with
a positive error of 7.1 events. Taking into account statistical and systematic errors of
both experiments, we conclude a 2.4σ (2.7σ with the alternative background modelling)
disagreement with the CDF result. We do not confirm the exsitence of X(4140). An
upper limit on the branching fraction at 90% confidence level is set to be

B(B+ → X(4140)K+) × B(X(4140) → J/ψφ)
B(B+ → J/ψφ)

< 0.07.(3)

Similar results are obtained for X(4274), we expect 53± 19 X(4274) events using the
measurements from CDF while the fit results give 3.4+6.5

−3.4 and 0+10
−0 respectively using

two different background modellings. This yields an upper limit of

B(B+ → X(4274)K+) × B(X(4274) → J/ψφ)
B(B+ → J/ψφ)

< 0.08,(4)

at 90% confidence level.
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Fig. 2. – Invariant-mass difference M(J/ψφ) − M(J/ψ) distribution for the B+ → J/ψφK+

in the B+ (±2.5σ) and φ (±15 MeV/c2) mass window. The dashed black line on top shows
the background distribution using the same model as in CDF (three-body phase space) and
the dashed black line on bottom shows the background distribution using a quadratic function
multiplied by the three-body phase space. The dotted blue lines shows the expected distribution
using the central value from CDF while the red solid line gives our fit results. Both fit functions
on top and bottom are corrected with efficiencies obtained from simulation.

3. – Orbitally excited B(s) mesons

Properties of excited B(s) mesons containing a light quark (B0
s , B0, B+) have been

well predicted by heavy quark effective theory [19-21]. The system is described by three
quantum numbers: the orbital angular momentum L, the angular momentum of the light
quark jq = |L±1/2| and the total angular momentum J = |jq±1/2|. In the heavy-quark
limit, an essential idea is that the heavy-quark spin and jq are conserved separately. For
jq = 1/2 = L ± 1/2, the ground-state pesudo-scalar and vector mesons are with L = 0
while the orbital excited states (L = 1) are labelled as B∗∗

(s). There are two more L = 1
orbital excitations with jq = 3/2, they are all parity-even excited states.

Among the B∗∗
(s) states, B1(5721)0 and B∗

2(5747)0 have been observed by both
CDF [22] and D0 [23]; Bs1(5830)0 has been seen by CDF [24] and B∗

s2(5840)0 has been
seen by both CDF [24] and D0 [25]. The isospin partners of B1(5721)0 and B∗

2(5747)0 are
expected but not observed previously. In both experiments, the B∗∗

(s) are reconstructed
using B + h (h = π,K). The soft photon from B∗ → B + γ is ignored during the
reconstruction if B∗∗

(s) decays to B∗. The reconstructed mass in this case is shifted by
45.78 ± 0.35 MeV/c2 (M(B∗) − M(B)).

The LHCb search is performed with 0.34 fb−1 data collected in 2011 and we search
for B∗∗

s with decay channel B(∗)− + K+, B∗∗0 with decay channel B(∗)− + π+ and B∗∗+

with decay channel B(∗)0 + π+. The invariant-mass distribution Q(h) = M(Bh+) −
M(B) − M(h+) for the three processes are shown in fig. 3 and 4, respectively. In fig. 3,
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Fig. 3. – Invariant-mass distribution of M(B+K−) − M(B+) − M(K−). The data distribution
is labelled with black points. The yellow hist is the wrong sign combination. The solid blue line
shows the fitted distribution.

two narrow peaks which corresponds to Bs1(5830)0 and B∗
s2(5840)0 could be clearly seen.

The widths of the peaks are around 1 MeV/c2, mainly due to detector resolution and we
model the signal distributions using Gaussian functions. As there is no visible sign of
the B∗0

s2 → B∗− + K+ mass peak, we do not include it in our analysis. The measured
masses and significances are summarised in table I.

Due to the large width of B∗∗0 and B∗∗+ mesons, decays from different excited states
overlap as shown in fig. 4 and we use a Breit-Wigner function to fit signal distributions.
The three Breit-Wigner distributions shown at the bottom of each plot correspond to
B

0(+)
1 → B∗−(0)π+, B

0(+)
2 → B∗−(0)π+ and B

0(+)
2 → B−(0)π+ from left to right. During

the fit, the mass difference between two B∗
2 decay channels are fixed to be 45.78 MeV/c2

and the widths of the resonance are fixed to be the same. The relative yields of the
two decay channels are fixed to be 0.93 ± 0.18 based on the theoretical predictions [26].
The ratio of the widths of the two excited states are fixed to be 0.9 ± 0.2 [27]. The left
plot of fig. 4 gives the invariant-mass difference distribution for B∗− + π+ with fitted
function superimposed. The fitted masses and significances for B∗∗0 mesons are also
summarised in table I. The measured masses agree with previous measurements [22,23].
The invariant-mass difference distribution for the isospin partner of B∗∗0 is shown in

Fig. 4. – Invariant-mass distribution of M(B−π+) − M(B−) − M(π+) (left) and M(B0π+) −
M(B0) − M(π+) (right). The black points show the data distribution. The green dotted
curve gives wrong sign combination. The solid blue line shows the fitted distribution with the
solid red curve as background distribution including combinatorial background and associated
production. The three breit-wigner distributions at the bottom of each plot correspond to

B
0(+)
1 → B∗−(0)π+, B

0(+)
2 → B∗−(0)π+ and B

0(+)
2 → B−(0)π+ from left to right.
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Table I. – Measured masses and significances of orbital excited B(s) mesons.

Decay channels Mass (MeV/c2) Significance

B0
s1 → B∗+ + K− 5828.99 ± 0.08stat ± 0.13syst ± 0.45Bmass

syst 12.5σ

B∗0
s2 → B+ + K− 5839.67 ± 0.13stat ± 0.17syst ± 0.5Bmass

syst 22σ

B0
1 → B∗+ + π− 5724.1 ± 1.7stat ± 2.0syst ± 0.45Bmass

syst 13.5σ

B0
2 → B(∗)+ + π− 5738.6 ± 1.2stat ± 1.2syst ± 0.3Bmass

syst 8.0(2.6)σ

B+
1 → B∗0 + π− 5726.3 ± 1.9stat ± 3.0syst ± 0.5Bmass

syst 9.9σ

B+
2 → B(∗)0 + π− 5739.0 ± 3.3stat ± 1.6syst ± 0.3Bmass

syst 4.0(0.0)σ

the right plot of fig. 4. Two new B∗∗+ excited states are observed with 9.9 (4.0)σ,
respectively with their masses and significances in table I using similar fit procedure as
for B∗∗0.

4. – B+
c meson

The Bc mesons are the unique double heavy-flavoured mesons in the standard model.
Precise calculations could be done in the Bc system due to large b and c quark masses.
It is thus very interesting to measure its properties and compare them with theoretical
predictions. The LHCb has a program to measure Bc properties such as the B+

c mass
and lifetime, B+

c production and decay modes etc. Current results on B+
c mass, B+

c

production and a new observed decay channel B+
c → J/ψπ+π−π+ are shown here.

Using 35 pb−1 data, 28± 7 B+
c → J/ψπ+ events are reconstructed and the measured

Fig. 5. – Invariant-mass distribution of J/ψπ+π−π+ (top) and J/ψπ+ (bottom) with fit function
superimposed.
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mass is found to be

M(B+
c ) = 6268.0 ± 4.0stat ± 0.6syst MeV/c2.(5)

The measured mass agrees with previous measurement from CDF [28] and D0 [29]. The
B+

c production is measured with the same dataset in the range pT > 4 GeV/c and
η ∈ [2.5, 4.5]. The relative branching fraction gives

σ(B±
c )B(B±

c → J/ψπ±)
σ(B±)B(B± → J/ψπ±)

= 2.2 ± 0.8stat ± 0.2syst%.(6)

With more dataset collected in 2011 (0.3 fb−1), the LHCb is able to discover more
“rare” decays, i.e. B+

c → J/ψπ−π+π+. In fact, its branching fraction is predicted to
be 1.5 ∼ 2.3 times larger than B+

c → J/ψπ+, but due to lower detection efficiency
(∼ 10 times less), more data is needed to observe it than B+

c → J/ψπ+. The invariant
mass distribution for B+

c → J/ψπ+π+π− and B+
c → J/ψπ+ are shown in fig. 5. The

observed number of B+
c → J/ψπ+π+π− (B+

c → J/ψπ+) is 58.2 ± 9.6 (163.1 ± 15.7)
corresponding to 6.8 (11)σ significance. Together with the relative efficiencies between
the two decay channels (0.119 ± 0.006), we determine the branching fraction ratio to be
3.0±0.6stat±0.4syst. Our result favours the prediction of the ratio to be 2.3 [30]. Further
look of the invariant mass distributions of π+π− and π+π+π− shows that the dominated
contribution of this channel comes from B+

c → J/ψa+
1 (1260) with a+

1 (1260) → ρ0π+.

5. – Conclusion

The LHCb experiment has a rich program on the search of heavy-quark spectrum.
First studies of X(3872) and X(4140) demonstrate its potential to explore exotic meson
sector. Future results with larger dataset will be built on this. It has also access to the
poorly explored B∗∗

(s) and Bc sectors, and will significantly improve the knowledge of their
properties and decays.
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Summary. — Recent results on studies of bottomonium states at Belle are re-
ported. The results are obtained with a 121.4 fb−1 data sample collected with the
Belle detector in the vicinity of the Υ(5S) resonance at the KEKB asymmetric-
energy e+e− collider.

PACS 14.40.-n – Mesons.

1. – Introduction

Bottomonium is the bound system of bb̄ quarks and is considered an excellent lab-
oratory to study Quantum Chromodynamics (QCD) at low energies. The system is
approximately non-relativistic due to the large b quark mass, and therefore the quark-
antiquark QCD potential can be investigated via bb̄ spectroscopy.

The spin-singlet states hb(mP ) and ηb(nS) alone provide information concerning
the spin-spin (or hyperfine) interaction in bottomonium. Measurements of the hb(mP )
masses provide unique access to the P -wave hyperfine splitting, the difference between
the spin-weighted average mass of the P -wave triplet states (χbJ (nP ) or n3PJ) and
that of the corresponding hb(mP ), or n1P1. These splittings are predicted to be close
to zero [1], and recent measurements of the hc(1P ) mass validates this expectation for
charmonium.

Recently, the CLEO Collaboration observed the process e+e− → hc(1P )π+π− at a
rate comparable to that for e+e− → J/ψπ+π− in data taken above open charm thresh-
old [2]. Such a large rate was unexpected because the production of hc(1P ) requires a
c-quark spin-flip, while production of J/ψ does not. Similarly, the Belle Collaboration
observed anomalously high rates for e+e− → Υ(nS)π+π− (n = 1, 2, 3) at energies near
the Υ(5S) mass [3]. Together, these observations motivated a more detailed study of
bottomonium production at the Υ(5S) resonance.

We use a 121.4 fb−1data sample collected on or near the peak of the Υ(5S) resonance
(
√

s ∼ 10.865 GeV) with the Belle detector [4] at the KEKB asymmetric energy e+e−

collider [5].

c© Società Italiana di Fisica 223
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Fig. 1. – The inclusive Mmiss(π
+π−) spectrum with the combinatorial background and K0

S

contribution subtracted (points with errors) and signal component of the fit function overlaid
(smooth curve). The vertical lines indicate boundaries of the fit regions.

2. – Observation of hb(mP )

Our hadronic event selection requires a reconstructed primary vertex consistent with
the run-averaged interaction point, at least three high-quality charged tracks. The π+π−

candidates are pairs of well reconstructed, oppositely charged tracks that are identified as
pions and are not consistent with being electrons. Continuum e+e− → qq̄ (q = u, d, s, c)
background is suppressed by requiring the ratio of the second to zeroth Fox-Wolfram
moments to satisfy R2 < 0.3. More details can be found in ref. [6].

For all the π+π− combinations we calculate missing mass defined as Mmiss(π+π−) ≡√
(PΥ(5S) − Pπ+π−)2, where PΥ(5S) is the 4-momentum of the Υ(5S) determined from the

beam momenta and Pπ+π− is the 4-momentum of the π+π− system. The Mmiss(π+π−)
spectrum is divided into three adjacent regions with boundaries at Mmiss(π+π−) = 9.3,
9.8, 10.1 and 10.45 GeV/c2 and fitted separately in each region. In the third region,
prior to fitting, we perform bin-by-bin subtraction of the background associated with the
K0

S → π+π− production. To fit the combinatorial background we use a 6th-7th order
Chebyshev polynomial function for the first two (third) regions. The signal component of
the fit includes all signals observed in the μ+μ−π+π− data as well as those arising from
π+π− transitions to hb(mP ) and Υ(1D). The peak positions of all signals are floated,
except that for Υ(3S) → Υ(1S)π+π−, which is poorly constrained by the fit. The
Mmiss(π+π−) spectrum, after subtraction of all the background contributions along with
the signal component of the fit function overlaid is shown in fig. 1, where clear signals
of both hb(1P ) and hb(2P ) are visible. The signal parameters are listed in table I.
Statistical significance of all signals except that for the Υ(1D) exceeds 5σ.

The measured masses of hb(1P ) and hb(2P ) are M = (9898.3 ± 1.1+1.0
−1.1)MeV/c2 and

M = (10259.8 ± 0.6+1.4
−1.0)MeV/c2, respectively. Using the world average masses of the

χbJ(nP ) states, we determine the hyperfine splittings to be ΔMHF = (+1.6±1.5)MeV/c2

and (+0.5+1.6
−1.2)MeV/c2, respectively, where statistical and systematic uncertainties are

combined in quadrature.



BOTTOMONIUM STATES 225

Table I. – The yield and mass determined from the fits to the Mmiss(π
+π−) distributions.

Yield, 103 Mass, MeV/c2

Υ(1S) 105.2 ± 5.8 ± 3.0 9459.4 ± 0.5 ± 1.0

hb(1P ) 50.4 ± 7.8+4.5
−9.1 9898.3 ± 1.1+1.0

−1.1

3S → 1S 56 ± 19 9973.01

Υ(2S) 143.5 ± 8.7 ± 6.8 10022.3 ± 0.4 ± 1.0

Υ(1D) 22.0 ± 7.8 10166.2 ± 2.6

hb(2P ) 84.4 ± 6.8+23.
−10. 10259.8 ± 0.6+1.4

−1.0

2S → 1S 151.7 ± 9.7+9.0
−20. 10304.6 ± 0.6 ± 1.0

Υ(3S) 45.6 ± 5.2 ± 5.1 10356.7 ± 0.9 ± 1.1

We also measure the ratio of cross sections R ≡ σ(hb(mP )π+π−)
σ(Υ(2S)π+π−) . To determine the

reconstruction efficiency we use the results of resonant structure studies reported below.
We determine the ratio of cross sections to be R = 0.46 ± 0.08+0.07

−0.12 for the hb(1P ) and
R = 0.77 ± 0.08+0.22

−0.17 for the hb(2P ). Hence Υ(5S) → hb(mP )π+π− and Υ(5S) →
Υ(2S)π+π− proceed at similar rates, despite the fact that the production of hb(mP )
requires a spin-flip of a b-quark.

3. – Observation of Zb(10610) and Zb(10650)

As it was mentioned above, the processes Υ(5S) → hb(mP )π+π−, which require
a heavy-quark spin flip, are found to have rates that are comparable to those for the
heavy-quark spin conserving transitions Υ(5S) → Υ(nS)π+π−, where n = 1, 2, 3. These
observations differ from a priori theoretical expectations and strongly suggest that some
exotic mechanisms are contributing to Υ(5S) decays.

First we perform an amplitude analysis of three-body Υ(5S) → Υ(nS)π+π− de-
cays. To reconstruct Υ(5S) → Υ(nS)π+π−, Υ(nS) → μ+μ− candidates we select
events with four charged tracks with zero net charge that are consistent with com-
ing from the interaction point. Charged pion and muon candidates are required to
be positively identified. Exclusively reconstructed events are selected by the requirement
|Mmiss(π+π−) − M(μ+μ−)| < 0.2 GeV/c2. Candidate Υ(5S) → Υ(nS)π+π− events are
selected by requiring |Mmiss(π+π−)−mΥ(nS)| < 0.05 GeV/c2, where mΥ(nS) is the mass
of an Υ(nS) state [8]. Sideband regions are defined as 0.05GeV/c2 < |Mmiss(π+π−) −
mΥ(nS)| < 0.10 GeV/c2. To remove background due to photon conversions in the in-
nermost parts of the Belle detector we require M2(π+π−) > 0.20/0.14/0.10 GeV/c2 for
a final state with an Υ(1S),Υ(2S),Υ(3S), respectively. More details can be found in
ref. [7].

Amplitude analyses are performed by means of unbinned maximum-likelihood fits to
two-dimensional M2[Υ(nS)π+] vs. M2[Υ(nS)π−] Dalitz distributions. The fractions of
signal events in the signal region are determined from fits to the Mmiss(π+π−) spectrum
and are found to be 0.937 ± 0.015(stat.), 0.940 ± 0.007(stat.), 0.918 ± 0.010(stat.) for
final states with Υ(1S), Υ(2S), Υ(3S), respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a GEANT-based MC simulation.
The distribution of background events is determined using sideband events and found to
be uniform across the Dalitz plot.
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Fig. 2. – Dalitz plots for Υ(2S)π+π− events in the (a) Υ(2S) sidebands; (b) Υ(2S) signal region.
Events to the left of the vertical line are excluded.

Dalitz distributions of events in the Υ(2S) sidebands and signal regions are shown in
figs. 2(a) and 2(b), respectively, where M(Υ(nS)π)max is the maximum invariant mass of
the two Υ(nS)π combinations. Two horizontal bands are evident in the Υ(2S)π system
near 112.6 GeV2/c4 and 113.3 GeV2/c4, where the distortion from straight lines is due
to interference with other intermediate states, as demonstrated below. One-dimensional
invariant-mass projections for events in the Υ(nS) signal regions are shown in fig. 3, where
two peaks are observed in the Υ(nS)π system near 10.61 GeV/c2 and 10.65 GeV/c2. In
the following we refer to these structures as Zb(10610) and Zb(10650), respectively.

We parametrize the Υ(5S) → Υ(nS)π+π− three-body decay amplitude by

(1) M = AZ1 + AZ2 + Af0 + Af2 + Anr,

where AZ1 and AZ2 are amplitudes to account for contributions from the Zb(10610) and
Zb(10650), respectively. Here we assume that the dominant contributions come from
amplitudes that preserve the orientation of the spin of the heavy quarkonium state and,
thus, both pions in the cascade decay Υ(5S) → Zbπ → Υ(nS)π+π− are emitted in an
S-wave with respect to the heavy quarkonium system. An angular analysis support this
assumption [9]. Consequently, we parametrize the observed Zb(10610) and Zb(10650)
peaks with an S-wave Breit-Wigner function BW (s,M,Γ) =

√
MΓ

M2−s−iMΓ , where we do
not consider possible s-dependence of the resonance width. To account for the possibility
of Υ(5S) decay to both Z+

b π− and Z−
b π+, the amplitudes AZ1 and AZ2 are symmetrized

with respect to π+ and π− transposition. Using isospin symmetry, the resulting ampli-
tude is written as

(2) AZk
= aZk

eiδZk (BW (s1,Mk,Γk) + BW (s2,Mk,Γk)),

where s1 = M2[Υ(nS)π+], s2 = M2[Υ(nS)π−]. The relative amplitudes aZk
, phases

δZk
, masses Mk and widths Γk (k = 1, 2) are free parameters. We also include the Af0

and Af2 amplitudes to account for possible contributions in the π+π− channel from the
f0(980) scalar and f2(1270) tensor states, respectively. We use a Breit-Wigner function
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Fig. 3. – Comparison of fit results (open histogram) with experimental data (points with error
bars) for events in the Υ(2S) (top) and Υ(3S) (bottom) signal regions. The hatched histogram
shows the background component.

to parametrize the f2(1270) and a coupled-channel Breit-Wigner function for the f0(980).
The mass and width of the f2(1270) state are fixed at their world average values [8]; the
mass and the coupling constants of the f0(980) state are fixed at values determined from
the analysis of B+ → K+π+π−: M [f0(980)] = 950 MeV/c2, gππ = 0.23, gKK = 0.73 [10].

Following suggestions in ref. [11], the non-resonant amplitude Anr is parametrized as
Anr = anr

1 eiδnr
1 + anr

2 eiδnr
2 s3, where s3 = M2(π+π−) (s3 is not an independent variable

and can be expressed via s1 and s2 but we use it here for clarity), anr
1 , anr

2 , δnr
1 and δnr

2

are free parameters of the fit.
The logarithmic likelihood function L is then constructed as

(3) L = −2
∑

log(fsigS(s1, s2) + (1 − fsig)B(s1, s2)),

where S(s1, s2) is the density of signal events |M(s1, s2)|2 convolved with the detector
resolution function, B(s1, s2) describes the combinatorial background that is considered
to be constant and fsig is the fraction of signal events in the data sample. Both S(s1, s2)
and B(s1, s2) are efficiency corrected.

Results of the fits to Υ(5S) → Υ(nS)π+π− signal events are shown in fig. 3, where
one-dimensional projections of the data and fits are compared. The combined statistical
significance of the two peaks exceeds 10 σ for all tested models and for all Υ(nS)π+π−

channels.
To study the resonant substructure of the Υ(5S) → hb(mP )π+π− (m = 1, 2) three-

body decays we measure their yield as a function of the hb(1P )π± invariant mass. The
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Fig. 4. – The (a) hb(1P ) and (b) hb(2P ) yields as a function of Mmiss(π) (points with error bars)
and results of the fit (histogram).

decays are reconstructed inclusively using missing mass of the π+π− pair, Mmiss(π+π−).
We fit the Mmiss(π+π−) spectra in bins of hb(1P )π± invariant mass, defined as the
missing mass of the opposite sign pion, Mmiss(π∓). We combine the Mmiss(π+π−) spectra
for the corresponding Mmiss(π+) and Mmiss(π−) bins and we use half of the available
Mmiss(π) range to avoid double counting.

The fit function is a sum of peaking components due to dipion transitions and com-
binatorial background as described sect. 2. The positions of all peaking components are
fixed to the values measured from the fit to the overall M(π+π−) spectrum (see table I).

Since the Υ(3S) → Υ(1S) reflection is not well constrained by the fits, we de-
termine its normalization relative to the Υ(5S) → Υ(2S) signal from the exclusive
μ+μ−π+π− data for every Mmiss(π) bin. In case of the hb(2P ) we use the range of
Mmiss(π+π−) < 10.34 GeV/c2, to exclude the region of the K0

S → π+π− reflection. The
peaking components include the Υ(5S) → hb(2P ) signal and a Υ(2S) → Υ(1S) reflection.

The results for the yield of Υ(5S) → hb(mP )π+π− (m = 1, 2) decays as a function
of the Mmiss(π) are shown in fig. 4. The distribution for the hb(1P ) exhibits a clear
two-peak structure without a significant non-resonant contribution. The distribution for
the hb(2P ) is consistent with the above picture, though the available phase-space is much
smaller. We associate the two peaks with the production of the Zb(10610) and Zb(10650).
To fit the Mmiss(π) spectrum we use the following combination:

(4) |BW1(s,M1,Γ1) + aeiφBW1(s,M2,Γ2) + beiψ|2 qp√
s
.

Here
√

s ≡ Mmiss(π); the variables Mk, Γk (k = 1, 2), a, φ, b and ψ are free parameters;
qp√

s
is a phase-space factor, where p (q) is the momentum of the pion originating from the

Υ(5S) (Zb) decay measured in the rest frame of the corresponding mother particle. The
P -wave Breit-Wigner amplitude is expressed as BW1(s,M,Γ) =

√
M Γ F (q/q0)

M2−s−iM Γ . Here F

is the P -wave Blatt-Weisskopf form factor F =
√

1+(q0R)2

1+(qR)2 , q0 is a daughter momentum

calculated with pole mass of its mother, R = 1.6 GeV−1. The function (eq. (4)) is
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convolved with the detector resolution function, integrated over the histogram bin and
corrected for the reconstruction efficiency. The fit results are shown as solid histograms
in fig. 4. We find that the non-resonant contribution is consistent with zero in accord
with the expectation that it is suppressed due to heavy quark spin-flip. In case of the
hb(2P ) we fix the non-resonant amplitude at zero.

4. – Conclusion

In summary, we have observed the P -wave spin-singlet bottomonium states hb(1P )
and hb(2P ) in the reaction e+e− → Υ(5S) → hb(mP )π+π−. The measured hyperfine
splittings are consistent with zero as expected. A detailed analysis revealed that hb(mP )
states in Υ(5S) decays are dominantly produced via intermediate charged bottomonium-
like resonances Zb(10610) and Zb(10650). Resonances Zb(10610) and Zb(10650) have
also been observed in decays Υ(5S) → Υ(nS)π+π−. Weighted averages over all five
channels give M = 10607.2 ± 2.0MeV/c2, Γ = 18.4 ± 2.4 MeV for the Zb(10610) and
M = 10652.2 ± 1.5MeV/c2, Γ = 11.5 ± 2.2 MeV for the Zb(10650), where statistical
and systematic errors are added in quadrature. The Zb(10610) production rate is similar
to that of the Zb(10650) for each of the five decay channels. Their relative phase is
consistent with zero for the final states with the Υ(nS) and consistent with 180 degrees
for the final states with hb(mP ). Analysis of charged pion angular distributions [9] favor
the JP = 1+ spin-parity assignment for both the Zb(10610) and Zb(10650). Since the
Υ(5S) has negative G-parity, the Zb states have positive G-parity due to the emission of
the pion.

The minimal quark content of the Zb(10610) and Zb(10650) is a four quark combina-
tion. The measured masses of these new states are a few MeV/c2 above the thresholds
for the open beauty channels B∗B (10604.6 MeV/c2) and B∗B

∗
(10650.2 MeV/c2). This

suggests a “molecular” nature of these new states, which might explain most of their
observed properties [12].
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Summary. — In this paper, I review the status and prospects of several low-energy
flavor observables that are highly sensitive to New Physics effects. In particular
I discuss the implications for possible New Physics in b → s transitions coming
from the recent experimental results on the Bs mixing phase, the branching ratio
of the rare decay Bs → μ+μ−, and angular observables in the B → K∗μ+μ−

decay. Also the recent evidence for direct CP violation in singly Cabibbo-suppressed
charm decays and its interpretation in the context of New Physics models is briefly
discussed.

PACS 12.60.-i – Models beyond the standard model.
PACS 13.20.-v – Leptonic, semileptonic, and radiative decays of mesons.
PACS 13.25.Ft – Decays of charmed mesons.

1. – Introduction

In the Standard Model (SM), flavor-changing neutral current (FCNC) processes are
absent at the tree level. They only appear at the loop level and are further strongly
suppressed by small CKM mixing angles. Consequently, FCNCs are highly sensitive
probes of any new physics (NP) that is not flavor blind. Remarkably, up to now all
experimental results on flavor observables are consistent with SM expectations and lead
to strong indirect constraints on NP models even at energy scales far beyond the direct
reach of colliders. Indeed if new degrees of freedom exist that couple to quarks at tree
level with generic flavor and CP -violating interactions, flavor constraints, in particular
constraints from neutral Kaon mixing, require the corresponding NP scale to be above
Λ � 104 TeV. If NP does exist at the TeV scale, as naturalness arguments indicate,
then current flavor constraints already imply that its flavor structure has to be highly
non-generic.

In this paper I describe the impact that the recent experimental progress on B and
charm physics observables has on models of NP. After reviewing the status of the tension
between B → τν and sin 2β in sect. 2, I discuss in sect. 3 the current constraints on
CP violation in Bs mixing. In sects. 4 and 5 the implications of the recent experimental
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results on Bs → μ+μ− and B → K∗μ+μ− for NP models are analyzed. Finally, in sect. 6
I discuss the recent evidence for direct CP violation in singly Cabibbo-suppressed charm
decays and its interpretation in the context of NP models.

2. – B → τν and sin 2β

Combining BaBar and Belle results of the B → τν decay leads to the following average
for its branching ratio [1]

B(B → τν)exp = (1.64 ± 0.34)10−4.(1)

In the SM, the charged current B → τν decay proceeds through tree level exchange of a
W boson and is helicity suppressed by the τ mass. The SM prediction of the branching
ratio depends sensitively on the value of the CKM element |Vub|. Using an average,
obtained from direct measurements in inclusive and exclusive semi-leptonic B decays,
|Vub| = (3.89 ± 0.44)10−3 [2] as well as the precise lattice determination of the B meson
decay constant fB = (190 ± 4) MeV [3], one obtains

B(B → τν)SM = (0.97 ± 0.22)10−4.(2)

Within 2σ, this is compatible with the experimental value.
If one instead uses an indirect determination of |Vub| from the measurements of sin 2β

as well as ΔMd/ΔMs one finds

B(B → τν)SM = (0.75 ± 0.10)10−4,(3)

which is more than a factor of two and almost 3σ below the experimental value. Inter-
preted as a hint for NP, this tension between B(B → τν) and sin 2β can be addressed
either by a sizable negative NP phase in Bd mixing or by O(1) NP effects in B → τν.
A well known example is tree level charged Higgs exchange that can lead to large mod-
ifications of B → τν. While in two Higgs doublet models of type II, the charged Higgs
contribution necessarily interferes destructively with the SM, the more general frame-
work of two Higgs doublet models with minimal flavor violation (MFV) allows also for
constructive interference and an explanation of the tension [4].

3. – CP violation in Bs mixing

CP violation in Bs mixing is strongly suppressed in the SM and therefore an excellent
probe of NP. Assuming NP only in the dispersive part of the Bs mixing amplitude M12,
a possible NP phase φNP

s enters in a correlated way the semi-leptonic asymmetry in the
decay of B mesons to “wrong sign” leptons

as
SL =

Γ(B̄s → X�+ν) − Γ(Bs → X�−ν)
Γ(B̄s → X�+ν) + Γ(Bs → X�−ν)

=
∣∣∣∣ Γs

12

Ms
12

∣∣∣∣ sin(φSM
s + φNP

s )(4)

and the time dependent CP asymmetries in decays to CP eigenstates f

Sf sin(ΔMst) =
Γ(B̄s(t) → f) − Γ(Bs(t) → f)
Γ(B̄s(t) → f) + Γ(Bs(t) → f)

, Sf = sin(2|βs| − φNP
s ).(5)
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Fig. 1. – Left: Constraints on NP phases in Bd and Bs mixing from measurements of time-
dependent CP asymmetries in Bd → ψKs, Bs → ψφ and Bs → ψππ. Right: Corresponding
region in the ad

SL-as
SL plane. The black point shows the SM prediction, the diagonal band shows

the measurement of Ab
SL from D0. (Update from [7]).

The small SM phases are φSM
s � 0.2◦ and βs � 1◦. A related observable is the like-

sign dimuon charge asymmetry Ab
SL at D0. Assuming that it is caused by CP violation

in B mixing, Ab
SL is a combination of the semileptonic asymmetries in the Bs and Bd

system [5]

Ab
SL � 0.41as

SL + 0.59ad
SL.(6)

The large value of Ab
SL = (−0.787 ± 0.172 ± 0.093)% measured by D0 [5] is almost 4σ

above the tiny SM prediction.
On the other hand, the latest experimental results on time dependent CP asym-

metries, in particular the recent results from LHCb [6], are all compatible with SM
expectations. The left plot of fig. 1 shows the allowed ranges for NP phases in B meson
mixing taking into account the most recent data on the time dependent CP asymmetry
in Bd → ψKs from the B factories, the time dependent CP asymmetry in Bs → ψφ from
CDF and D0 as well as the time dependent CP asymmetries in Bs → ψφ and Bs → ψππ
from LHCb. While the Bs mixing phase is perfectly consistent with the SM expectation,
the tensions in the Unitarity Triangle slightly prefer a small negative NP phase in Bd

mixing, φNP
d = −0.2 ± 0.1.

The right plot of fig. 1 shows the possible values for the semileptonic asymmetries ad
SL

and as
SL, given the constraints on the NP phases. It is evident that the large like-sign

dimuon charge asymmetry observed by D0 cannot be explained by NP in the dispersive
part of the B mixing amplitude alone [8, 7, 9].

The small preference for a negative NP phase in Bd mixing on the other hand can
be addressed for example in two Higgs doublet models with MFV through tree level
exchange of flavor changing neutral Higgs bosons. If the quartic couplings in the Higgs
potential are MSSM-like, these models predict a much larger NP phase in Bs mixing than
in Bd mixing [10], which is clearly excluded by the current data. With more general Higgs
potentials however, one generically finds φNP

d � φNP
s [11] and a small φNP

d can still be
accommodated. In the context of supersymmetric models with MFV, this is possible if
the Higgs sector is extended by physics beyond the MSSM [12,7]. These models will be
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challenged soon with improved measurements of the time-dependent CP asymmetries in
Bs → ψφ and Bs → ψππ by LHCb.

4. – Bs → μ+μ− and Bd → μ+μ−

In the SM, the rare leptonic decays Bs → μ+μ− and Bd → μ+μ− are strongly helicity
suppressed by the muon mass and their branching ratios are tiny—at the level of 10−9

and 10−10, respectively. Due to the remarkably precise determinations of the B meson
decay constants on the lattice [3], the SM predictions for both decays have reached theory
uncertainties of less than 10%. Taking into account the correction to B(Bs → μ+μ−)
coming from the large width difference in the Bs meson system recently pointed out
in [13,14], one gets

B(Bs → μ+μ−)SM = (3.32 ± 0.17)10−9,(7)
B(Bd → μ+μ−)SM = (1.0 ± 0.1)10−10.

In extensions of the SM where NP contributions to these decays arise from scalar oper-
ators, e.g. through neutral Higgs exchange in the MSSM with large tanβ, the helicity
suppression is lifted and order of magnitude enhancements of the branching ratios are
possible. On the other hand, if the NP induces operators with a helicity structure analo-
gous to the SM, e.g. through Z or Z ′ exchange, it has been shown that constraints from
the semileptonic decays B → Xs�

+�− and B → K∗μ+μ− only allow an enhancement of
B(Bs → μ+μ−) up to 5.6 × 10−9 [15].

On the experimental side, D0 [16], Atlas [17], CMS [18] and LHCb [19] give upper
bounds on the branching ratio. CDF reported an excess in Bs → μ+μ− candidates
leading to a two sided limit on B(Bs → μ+μ−) at 95% C.L. [20] that, at the 2σ level,
is consistent with the upper bounds. For Bd → μ+μ−, upper bounds are reported by
CDF [20], CMS [18] and LHCb [19]. Performing a naive combination of the available
results one finds

B(Bs → μ+μ−)exp = (2.4 ± 1.6)10−9, B(Bd → μ+μ−)exp < 8.6 × 10−10.(8)

While in Bd → μ+μ− there is still room for almost an order of magnitude enhancement,
the recent results on Bs → μ+μ− only allow for moderate deviations from the SM
prediction. On the one hand this leads to very strong constraints on models with scalar
operators, on the other hand, models without scalar operators are starting to be probed
by Bs → μ+μ− only now.

An important observable in the future will be the ratio of the Bs and Bd branching
ratios. In models with minimal flavor violation there exists a strong correlation

B(Bs → μ+μ−)
B(Bd → μ+μ−)

�
f2

Bs

f2
Bd

τBs

τBd

|Vts|2
|Vtd|2

� 35.(9)

Given the existing bounds on B(Bs → μ+μ−), an enhancement of B(Bd → μ+μ−) by
more than a factor of 2 would not only be a clear indication of NP, but also of new
sources of flavor violation beyond the CKM matrix.
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5. – Angular observables in B → K∗μ+μ−

The semileptonic exclusive B → K∗(→ K+π−)μ+μ− decay and its conjugated mode
B̄ → K̄∗(→ K−π+)μ+μ− are described by 4-fold differential decay distributions dΓ and
dΓ̄ in terms of the dimuon invariant mass q2, and three angles θK∗ , θ� and φ (see, e.g., [21]
for details), offering a multitude of observables that can be used to search for NP.

One-dimensional angular distributions give access to the well-known observables FL,
the K∗ longitudinal polarization fraction, and AFB, the forward-backward asymmetry.
Also the transversal asymmetry S3 and the T -odd CP asymmetry A9 can be obtained
from a one-dimensional angular analysis

d(Γ + Γ̄)
dq2d cos θK∗

∝ 2FL cos2 θK∗ + (1 − FL) sin2 θK∗ ,(10)

d(Γ − Γ̄)
dq2d cos θ�

∝ AFB cos θ� +
3
4
FL sin2 θ� +

3
8
(1 − FL)(1 + cos2 θ�),(11)

d(Γ + Γ̄)
dq2dφ

∝ 1 + S3 cos 2φ + A9 sin 2φ.(12)

Additional observables, like the T -odd CP asymmetries A7 and A8 require two- or three-
dimensional angular analyses [22].

Measurements of angular observables exist from BaBar [23], Belle [24], CDF [25] and
LHCb [26] and all show reasonable agreement with the SM predictions so far. The var-
ious observables each depend in a characteristic way on the Wilson coefficients of the
dimension six ΔF = 1 operators contributing to B → K∗μ+μ−. Particularly interest-
ing are the observables S3 and A9 as they are easily accessible, very small in the SM,
and highly sensitive to CP -conserving and CP -violating right-handed currents that are
predicted in various NP models.

Analyses that put constraints on the Wilson coefficients and therefore determine in a
model independent way the room left for NP in B → K∗μ+μ− have been performed, e.g.,
for the magnetic penguin operators [27], the SM operator basis [28, 29] and for the very
general case of the SM operators as well as their chirality flipped counterparts [15, 30].
In [30] we include all the available experimental results on the B → K∗μ+μ− observables
as well as all relevant observables in the B → Kμ+μ−, B → Xs�

+�−, B → Xsγ,
B → K∗γ and Bs → μ+μ− decays. Results for the Wilson coefficients C7,9,10 are shown
in fig. 2. Analogous results for the right-handed coefficients C ′

7,9,10 can be found in [30].
The strongest bounds currently come from branching ratios and CP -averaged angular

coefficients, and therefore the imaginary parts of C7,9,10 are much less constrained than
the real parts. Future improved measurements of CP asymmetries in B → K∗μ+μ− that
are directly sensitive to new CP -violating phases will be essential to probe the imaginary
parts of the Wilson coefficients.

6. – Direct CP Violation in D → K+K− and D → π+π−

CP Violation in the charm sector is highly Cabibbo suppressed in the SM and there-
fore very sensitive to possible NP effects. Current bounds on CP -violating parameters
in D0-D̄0 mixing are at the level of 10%–20% [1] and still far above the naive SM ex-
pectation of O(|VubV

∗
cn|/|VusV

∗
cs|) � 10−3. Naive SM estimates for direct CP violation

in singly Cabibbo suppressed D decays such as D → K+K− and D → π+π− are even
smaller, O(|VubV

∗
cb|/|VusV

∗
cs|αs/π) � 10−4.
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Fig. 2. – Allowed regions in the complex planes of the Wilson coefficients C7,9,10 at 1 and
2σ (red). Shown are also the individual 2σ constraints from B(Bs → μ+μ−) (gray), B(B →
Xs�

+�−) (brown), B(B → Kμ+μ−) (blue), B → K∗μ+μ− (green), B(B → Xsγ) (yellow) and
ACP(B → Xsγ) (orange). (From [30].)

Remarkably, the LHCb collaboration recently found first evidence for charm CP
violation [31]. The reported value for ΔACP, the difference in the time integrated CP
asymmetries in D → K+K− and D → π+π−, is non-zero at 3.5σ. This result has been
confirmed by CDF [32] and a combination that includes also previous results from BaBar
and Belle leads to [1]

ΔACP = −(0.656 ± 0.154)%,(13)

which is approximately 4σ away from 0. To a very good approximation, ΔACP corre-
sponds to the difference in the direct CP asymmetries in D → K+K− and D → π+π−

and is therefore expected to be at least one order of magnitude smaller in the SM, unless
the hadronic matrix elements entering the SM prediction are strongly enhanced with
respect to naive estimates [33]. While the required strong enhancement is not expected
to be natural in the SM [34,35], it cannot be excluded presently [36-39]. Nonetheless, the
interpretation of the experimental results as a signal of NP is interesting and motivated.
Possible NP explanations typically will predict non-standard signals also in other low
energy flavor observables or characteristic signatures at colliders that can be searched for
and that can be used to test the NP hypothesis.

Both model independent analyses [40], and studies of concrete NP scenarios (see
e.g. [41-46]) show that NP explanations of large direct CP violation in singly Cabibbo
suppressed D0 decays are often highly constrained by other flavor observables, in par-
ticular D0-D̄0 mixing and ε′/ε, i.e. direct CP violation in neutral kaon decays. Among
the numerous NP possibilities, the one that generically avoids both these constraints are
loop induced chromomagnetic dipole operators

O8 =
gs

16π2
mc ū(σG)PRc, O8 =

gs

16π2
mc ū(σG)PLc,(14)

that can lead to chirally enhanced contributions to the direct CP asymmetries. Studies
of CP asymmetries in radiative D → V γ decays could help to probe the possible dipole
origin of ΔACP [47].

Among NP models that contribute significantly to ΔACP through tree-level induced
four fermion operators, only few are viable. Known examples include models where the
NP contribution is mediated by scalars with masses at the electro-weak scale and flavor
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changing couplings [42, 44]. If these models induce ΔI = 3/2 operators, they can be
tested using isospin sum rules for CP asymmetries [48]. The necessarily light scalars can
be searched for at the LHC.

Finally, depending on the exact flavor structure of the tree-level models, ΔACP can
originate from either AK+K−

CP or Aπ+π−

CP or from both. This is in contrast to the dipole
operator explanation where one (naively) expects AK+K−

CP � −Aπ+π−

CP . Correspondingly,
the separate measurement of the direct CP asymmetries in D → K+K− and D → π+π−

would add valuable information to pin down the possible origin of direct CP violation
in charm decays.

7. – Summary

In the absence of any direct evidence for new physics at the LHC, flavor physics
continues to stay at the forefront of the search for new phenomena at the TeV scale. While
the current experimental results on rare decays like Bs → μ+μ− and B → K∗μ+μ− are
in reasonable agreement with SM predictions, they still allow for sizable new physics
effects, that can be uncovered with improved precision in the near future. Moreover,
anomalies in the current flavor data, like the tension between B → τν and sin 2β, the
large dimuon charge asymmetry or the recent evidence for direct CP violation in charm
decays might already be the first indirect signs of physics beyond the Standard Model.

Improved experimental results on all these observables will be most exciting and
certainly improve our understanding of possible new physics at the TeV scale and beyond.
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Summary. — We present a review of the recent Tevatron diboson measurements
in leptonic and semileptonic decay modes. The most stringent limits on anomalous
triple gauge couplings are reported for each final state.

PACS 14.70.Fm – W bosons.
PACS 14.70.Hp – Z bosons.
PACS 13.38.Be – Decays of W bosons.
PACS 13.38.Dg – Decays of Z bosons.

1. – Introduction

Following the ending of the Tevatron collider program, we can review the significant
progress that has been made in the diboson sector over the ten years of Run 2. The
availability of theoretical tools such as MCFM [1] and MC@NLO [2] has allowed the
standard model to be tested in the diboson sector. Measuring diboson production is
a fundamental as it is an important electroweak process and a major background to
Higgs searches. Furthermore, measuring diboson production allows access to triple gauge
couplings, which could provide indications of new physics.

2. – Wγ and Zγ

The most up to date measurement of Wγ and Zγ production comes from the DØ
Collaboration that analyzed 4.2 fb−1 and 6.2 fb−1 of data, respectively [3].

The event selection for Wγ starts by requiring an electron or muon, a photon, and
missing transverse energy. The analysis uses a neural network for photon identification to
improve sensitivity to WWγ coupling. Backgrounds are at the 20–25% level, overwhelm-
ingly W+jets, and are estimated from data. An important property of the standard
model prediction at leading order is that interference between the s- and t-channel am-
plitudes produces a zero in the total Wγ yield at a specific angle θ∗ between the W boson
and the incoming quark in the Wγ rest frame. Although it is difficult to measure the
angle directly, this so-called radiation amplitude zero is also visible in the charge-signed
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Fig. 1. – Left: charge-signed photon-lepton rapidity difference. The radiation zero amplitude
can be seen as a dip at −1/3. Center and right: the differential cross-section dσ/dpT (γ) for all
M(��γ), and for the ISR-dominated sample M(��γ) > 110GeV/c2.

photon-lepton rapidity difference as a dip at around −1/3. Figure 1 shows the dip, com-
pared with the signal prediction. The measured cross-section for the kinematic region
ET (γ) > 15 GeV and ΔR(�γ) > is 7.6±0.4(stat)±0.6(sys) pb, in good agreement with the
standard model prediction of 7.6±0.2 pb. If there were anomalous triple gauge couplings,
the photon ET spectrum would be modified and more high-ET photons observed. The
photon ET spectrum may therefore be used to derive limits on anomalous WWγ cou-
plings. A binned likelihood fit to data is used, and the 1-d limits 95% CL limits obtained
are −0.4 < Δκγ < 0.4 and −0.08 < λγ < 0.07 for a new physics scale Λ = 2 TeV.

Also the Zγ analysis uses a neural network technique to provide a robust differenti-
ation between photons and jets. Background is at the 5 10% level and is dominated by
Z+jets. The Zγ system has the property that initial state photon radiation (ISR) may
be selected preferentially over final state photon radiation by requiring the three-body
invariant mass M(��γ) to be above the Z boson mass. With M(��γ) > 110 GeV/c2,
around 300 events are observed in each of the final states. The differential cross-section
dσ/dpT (γ) is measured, using matrix inversion to unfold the experimental distribu-
tion, and is shown in fig. 1 both for all M(��γ), and for the ISR-dominated sample
M(��γ) > 110 GeV/c2. The data are compared with the NLO prediction from MCFM,
and are seen to be consistent. Total cross-sections are also quoted: for the kinematic
region |η(γ)| < 1, ET (γ) > 10 GeV, ΔR(�γ) > 0.7 and M(��γ) > 60 GeV/c2 the result is
1.09 ± 0.04(stat) ± 0.07(sys) pb, to be compared with the standard model prediction of
1.10±0.03 pb; and for M(��γ) > 110 GeV/c2 the result is 0.29±0.02(stat)±0.01(sys) pb,
to be compared with the standard model prediction 0.29 ± 0.01 pb.

3. – Heavy diboson production

3.1. Leptonic decay channels: WZ and ZZ. – These final states are characterized by
low branching ratio and clean yields. All the analysis use improved lepton definitions to
increase the acceptance.

The WZ production in ���ν final state had been studies by CDF using 7.1 fb−1 of
integrated luminosity [4]. The analysis incorporates improvements in lepton selection
and uses a neural network to separate the signal from the background (ZZ contri-
bution is the biggest). The measured cross-section is found to be σ(pp̄ → WZ) =
(3.9+0.6

0.5 (stat)+0.6
0.4 (syst)) pb in good agreement with the SM prediction of 3.46 ± 0.21 pb.
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Fig. 2. – Left: NN output for ZZ to four lepton analysis. Center: MZZ distribution shows the
clustering of events around 325GeV/c2. Right: Limits on the presence of a Randall-Sundrum
(RS) graviton decaying to two Z bosons.

Triple gauge couplings limits are extracted from the ZpT distribution for a new physics
scale of 1.5 and 2.0 TeV. The DØ Collaboration has also performed an measurement
of the WZ cross-section in this final state and of ZZ production in four leptons [5].
The peculiarity of these analyses is that they do not restrict the offline event selection
to events satisfying specific trigger conditions but analyse all recorded data in order
to maximise the event yields. For the WZ cross-section a likelihood fit to the MT

is performed, while for the ZZ a neural network output is used as a discriminator.
The systematic uncertainties are reduced by taking the ratio to the measured Z → ��
cross-section and then multiplying for the theoretical calculation of the Z boson produc-
tion cross-section. The results are σ(pp̄ → WZ) = 4.50 ± 0.61(stat.)+0.16

−0.25(syst.) pb and
σ(pp̄ → ZZ) = 1.64 ± 0.44(stat.)+0.13

−0.15(syst.) pb, in agreement with the SM prediction.
CDF has also new measurement of the ZZ production cross-section in the four-lepton

final state and ��νν using 6 fb−1 of integrated luminosity [6]. The four lepton analysis
uses a counting experiment, while for ZZ → ��νν that is afflicted by a large Drell-Yan
background contribution a NN is used to extract the cross-section (see fig. 2a). The
combination of the two analysis leads to σ(pp̄ → ZZ) = 1.64+0.44

−0.38 pb. These final states
together with the semileptonic ones are used to search for ZZ resonances [7]. A clustering
of events at high mass is observed (see fig. 2). However, analysis of the other ZZ final
states ZZ → ��νν and ZZ → ��jj showed them to be more sensitive to a resonance of
mass around 325 GeV/c2 decaying to ZZ, and the data in those channels are in agreement
with standard model predictions (limits are set using a Randall-Sundrum (RS) graviton
decaying to two Z bosons see fig. 2). The four-lepton events therefore appear to arise
from standard model sources.

3.2. Semileptonic decay channels. – Given their similarity to key Higgs boson signa-
tures, there have been ongoing efforts to observe diboson production in final states with
jets.

Two CDF analyses observed WW and WZ production in the �νjj final state in
2010. This final state is very similar to that expected from WH associated production.
W+jets is the overwhelming background. In the first analysis the signal was extracted
from a χ2 fit to the dijet mass distribution as shown in fig. 3, giving an extracted cross-
section σ(WW + WZ) = (18.1 ± 3.3(stat) ± 2.5(sys)) pb with 5.2σ significance [8]. The
second analysis used a matrix element technique, for which the final event probability
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Fig. 3. – Left: Dijet mass spectrum in WW/WZ analysis showing the diboson contribution.
Center: Matrix Element Discriminator for WW/WZ analysis. Right: Dijet mass spectrum for
W+2jet event with harder cuts showing the excess around 150GeV/c2.

discriminant is shown in fig. 3. Here, the extracted cross-section was σ(WW + WZ) =
(16.5+3.3

−3.0) pb, with 5.4σ significance [8]. The first analysis was also used to look for
higher mass resonances. A 4.1σ excess is observed in dijet mass spectrum of W+2jet
sample [9], as shown in fig. 3c. Studies are still in progress to understand the cause of
the excess. The DØ Collaboration tried to replicate the analysis and found no significant
discrepancy with the respect to the background model.

DØ also updated their measurement in the �νjj final state, using 4.3 fb−1 of integrated
luminosity [10]. A random forest multivariate discriminant is used to separate signal from
background, and since Z bosons can decay to b-quark pairs but W bosons cannot, b-
tagging is employed both to improve the significance of the observation, and to separate
the WW and WZ components. Both the random forest discriminant output, and the
dijet invariant mass for the no b-tag data sample, are shown in fig. 4. A cross-section
σ(WW + WZ) = 19.6+3.1

−3.0 pb is measured, with 8σ significance, and contours of the
separated WW and WZ cross-sections are given in fig. 4.

Fig. 4. – Results from DØs WW/WZ analysis in the �νjj final state: (left) random forest
multivariate discriminant output; (centre) background-subtracted dijet mass; (right) contours
of WW and WZ production cross-section.
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4. – Conclusion

A rich programme of Tevatron diboson physics has made huge advances over the ten
years of Run 2, testing the standard model, probing for new physics, and underpin-
ning electroweak symmetry-breaking searches. Both experiments have a final dataset of
around 10 fb−1, so as well as being combined, these analyses should be updated once
more for legacy measurements.
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Summary. — Seventeen years after the discovery of the top quark at the Fermilab
Tevatron collider, many aspects of the top-quark sector are now well known. Be-
sides the measurement of basics properties, such as the production cross section, the
top-quark mass, width and charge, many new aspects, such as spin correlation in
top-quark decays, have been explored for the first time. Due to their well-understood
and clean signatures, top-quark events have also been applied to investigate impor-
tant properties of quantum chromodynamics (QCD) such as the color flow between
partons. This review summarizes the latest results from the Tevatron.

PACS 14.65.Ha – Top quarks.
PACS 12.38.Qk – Experimental tests.
PACS 13.85.Qk – Inclusive production with identified leptons, photons, or other
nonhadronic particles.

1. – Top quarks in a nutshell

With a mass of 173.2 ± 0.9 GeV [1], the top quark is the heaviest of all known ele-
mentary particles. From a theoretical point of view, top quarks are of special interest,
as their coupling to the Higgs boson is close to unity, suggesting that the top quark
may play a special role in electroweak symmetry breaking. From an experimental point
of view, its short lifetime of about 10−25 s is of particular interest as top quarks decay
before hadronization and thereby provide an opportunity for studying bare quarks. At
the Tevatron pp̄ collider, with a center-of-mass energy of 1.96 TeV, 85% of the tt̄ pairs
are produced through quark-antiquark annihilation and 15% originate from gluon-gluon
fusion. In next-to-next-to leading order in pertubative QCD, the rate of pair production
is predicted to be 7.46 pb [2], which is a factor of about 2 larger than the electroweak
production cross section of single top quarks [3]. In the standard model (SM), top quarks
decay almost exclusively to a W boson and a bottom quark, such that tt̄ events can be
classified into all − jets, � + jets and dilepton events, depending on the modes of the
two W decays. The � + jets channel is characterized by four jets, one isolated, energetic
charged lepton, and an imbalance in transverse momentum. The irreducible background
comes mainly from W+jets events. Instrumental background arises from events in which
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a jet is misidentified as a lepton, and from events with heavy quarks that decay into
leptons that pass isolation requirements. The topology of the dilepton channel is defined
by two jets, two isolated, energetic charged leptons, and a significant imbalance in trans-
verse momentum from the undetected neutrinos. Here, the main background processes
are from Z+jets and diboson events (WW , WZ and ZZ with associated jets), as well
as the kind of instrumental background characterized above.

2. – Probing top-quark production at
√

s = 1.96 TeV

One of the basic analyses involves the measurement of the tt̄ production cross section.
This requires a well-modeled background as well as a clean and large signal fraction.
A good separation between signal and background can be achieved either through b-jet
identification or by using multivariate statistical techniques or both, to achieve greater
precision. To reduce the main systematic uncertainty from the integrated luminosity,
the CDF experiment explored the possibility of using the ratio of the measured tt̄ to
Z → �� cross sections and multiplying this by the theoretical cross section for Z → ��
production. Such analyses [4, 5] yield:

CDF in 4.6 fb−1 of � + jets data : σtt̄ = 7.82 ± 0.55 (stat + syst) pb,

DØ in 5.3 fb−1 of � + jets data : σtt̄ = 7.78+0.77
−0.64 (stat + syst) pb.

Both measurements are limited by systematic uncertainties, specifically, in the modeling
of tt̄ production at CDF, and on the luminosity at DØ. The total uncertainties are
comparable to the theoretical uncertainties. As new physics may affect different final
states in different ways, and to probe different parts of the phase space as well as the
effect of different backgrounds, tt̄ production is measured in many different channels,
such as dilepton [6, 7], hadronically decaying τ+lepton [8] and τ+jets [9, 10], as well as
all − jets [11, 12] final states. So far, all results are consistent among channels and the-
oretical predictions. A future combination based on the full data of the CDF and DØ
experiments, will achieve a precision of better than 5%, and go beyond the theoretical un-
certainty, which is dominated by the uncertainty on parton distribution functions (PDF).

The measurement of the production cross section σtt̄ can be extended to a measure-
ment of the ratio R of events in which the top quark decays to Wb divided by the number
of events with top quarks decaying to Wq, where q can be any down-type quark. In the
SM, this ratio is predicted to be one. Smaller values would provide a direct indication
for physics beyond the SM, such as the existence of a 4th generation of quarks. In the
� + jets channel, the DØ experiment splits events into three categories: i) events with
no identified b jet, ii) one b jet and iii) two b jets. The dilepton final state relies on
the continuous output of the b-jet-identification algorithm. Based on 5.4 fb−1, the DØ
experiment obtains R = 0.90 ± 0.04 (stat + syst) [13] combining both channels. The
main systematic uncertainty is from b-jet identification.

The first measurement of the tt̄ + γ production cross section was performed by the
CDF Collaboration. This is particularly challenging, as the production rate is one order
of magnitude smaller than that for tt̄ production. In addition, the tt̄+γ analysis requires
a well-developed photon identification and excellent modeling of the background. Based
on 6.0 fb−1 of data, CDF observes 26.9 ± 3.4 candidate events where 30 are expected.
The measured cross section of σtt̄+γ = 0.18±0.08 pb [14] is consistent with the predicted
value of 0.17 ± 0.03 pb [15]. This represents first evidence for tt̄ + γ production with a
significance of 3.0 standard deviations (SD).



RECENT RESULTS ON TOP-QUARK PHYSICS FROM THE TEVATRON 249

After the observation of the top quark in the tt̄ final state, it took another 14 years
to observe single top-quark production. The production rate of single top quarks probes
directly the electroweak Wtb interaction. Sophisticated, multivariate analysis techniques
are needed to extract the small signal from an overwhelming background, mainly from
W+ jets. Both CDF [16] and DØ [17] extracted the cross section for the combined
contribution of s and t channel processes, yielding:

CDF in 3.2 fb−1 of data : σs+t = 2.3 ± 0.6 (stat + syst) pb,

DØ in 5.4 fb−1 of data : σs+t = 3.4 ± 0.7 (stat + syst) pb.

Assuming that the production of single top quarks in the s and t channel is directly
proportional to |Vtb|2, and that |Vts|2 + |Vtd|2 � |Vtb|2, the above measurements can be
translated into a measurement of |Vtb|, yielding

|Vtb| = 0.91 ± 0.13 (stat + syst),
|Vtb| = 1.02 ± 0.11 (stat + syst),

for CDF and DØ, respectively. As the production of single top quarks in the t and s chan-
nel is sensitive to different physics beyond the SM, CDF [18] and DØ [19] measured not
only their sum, but both of the processes in a simultaneous fit to the data using separate
multivariate techniques for each of the channels. For the t channel the results give

CDF in 3.2 fb−1 of data : σt = 0.8 ± 0.4 (stat + syst) pb,

DØ in 5.4 fb−1 of data : σt = 2.9 ± 0.6 (stat + syst) pb.

DØ claims first observation of this process with a significance of 5.5 SD. The main
systematic uncertainty comes from the modeling of background. The analysis of the s
channel is not yet sensitive enough to claim evidence for s channel production. This will
only be reached using the full set of data. However, this channel is especially important,
as it is the only production mode that is not very enhanced at the LHC, while the
contamination from background is significantly larger than at the Tevatron.

3. – Measuring the mass of the top quark

There are two fundamentally different approaches to measure the mass of the top
quark. One is based on mass-dependent distributions of templates, e.g., the mass of
the top quark, mt, reconstructed from the decay products, or the degree of consistency
wν,p/T

of the reconstructed neutrino momenta and the measured imbalance in transverse
momentum. Monte Carlo (MC) simulated events for different top-quark masses are used
to form mass-dependent templates. The top-quark mass is extracted through a compar-
ison of templates to data. All measurements are calibrated using pseudo-experiments,
making sure that the measurement is bias-free and that the statistical uncertainty is
properly estimated. To reduce the main systematic uncertainty from the jet energy, a
global jet energy scale (JES) correction is extracted simultaneously with the mass of the
top quark. This correction relies on the fact that the mass of the W boson, mW , is well
measured, and can therefore be used to constrain the energies of the jets. In dilepton
events, however, this procedure is not possible, and the JES correction from �+jets events
is transferred directly to the jets in the dilepton channels. Any remaining difference is
accounted for as a systematic uncertainty.
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Table I. – Latest results from Tevatron on the mass of the top quark.

Experiment L (fb−1) Final state Method mt (GeV) stat (GeV) syst (GeV)

CDF 8.7 � + jets mt, mjj 172.8 0.7 0.8

CDF 5.8 all − jets mt, mW 172.5 1.7 1.1

CDF 5.6 dilepton mt 170.3 2.0 3.1

DØ 5.4 dilepton wν,p/T
174.0 2.4 1.4

DØ 5.4 dilepton ME 174.0 1.8 2.4

DØ 3.6 � + jets ME 174.9 1.1 1.0

CDF 3.6 � + jets ME 172.4 1.4 1.3

The most precise measurements of mt, are obtained using the Matrix-Element (ME)
method, where for each final state y, the probability to originate from qq̄ → tt̄ is calcu-
lated as a function of mt:

(1) Ptt̄(x;mt) =
1

σobs(mt)

∫
dε1dε2fPDF(ε1)fPDF(ε2)

(2π)4|M(y)|2
ε1ε2s

dΦ6 W (x, y),

where ε1, ε2 denote the energy fraction of the incoming quarks from the protons and
antiprotons, fPDF represent the parton distribution function, s is the square of the energy
in the pp̄ center of mass, M(y) is the leading-order (LO) matrix element for tt̄ production
and decay [20] and dΦ6 is an element of the 6-body phase space. The resolution of the
detector is taken into account through a transfer function W (x, y) that describes the
probability of a partonic final state y to be measured as x in the detector. The signal
probability is normalized by the observable cross section σobs for the specific ME.

An overview of the latest results from template and ME methods is given in table I.
For template based results, the variables used to construct the templates are given in the
appropriate row under “Method”. All results are consistent with each other. Almost all
results are limited by systematic uncertainties, where the remaining jet uncertainties and
the modeling of tt̄, i.e., hadronization and the underlying event, NLO effects, initial and
final-state radiation, as well as color reconnection, dominate. The latest combination of
all measurements yields an average value of mt = 173.2 ± 0.6 (stat) ± 0.8 (syst) GeV,
with a total uncertainty of less than 1 GeV.

Besides systematic effects, another particular challenge in mass measurements is the
theoretical interpretation, i.e. the question of how close the measured mass, which relies
on MC simulation, is to the pole mass of the top quark. To bypass this problem, DØ
pioneered a different approach [21], where the measured tt̄ cross section is compared
to higher order QCD predictions performed using either the pole mass or the MS mass
definition. Based on 5.3 fb−1 of � + jets events, the pole mass is extracted to be mpole

t =
167.5+5.2

−4.7 GeV, while the mass for the MS scheme is mMS
t = 160.0+4.8

−4.3 GeV. Both results
are smaller than the direct measurements, but the pole mass agrees better within its
uncertainties with the combination of the direct measurements.

4. – Unique top-quark properties at the Tevatron

Due to the fact that at the Tevatron about 85% of the tt̄ production arises from
quark-antiquark annihilation, while at the LHC 90% is from gluon-gluon fusion, some
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features of production differ between the two colliders. One of these is the correlation
expected for the spins of the two top quarks. Although the t and t̄ are not produced
polarized, their spins are correlated if angular momentum is conserved in the process. At
the Tevatron, near the production threshold, all top-quark spins are expected to point
in the same direction at LO for qq̄ induced processes only. This fraction is reduced to
78% [22] taking account of effects from NLO corrections and gluon-gluon fusion using
the beam momentum vector as quantization axis. Due to the short lifetime of the top
quark, the top-quark spin does not flip, and its orientation is reflected in the angular
distribution of the decay products: The spin-correlation coefficient C can therefore be
measured by studying, e.g., the doubly differential cross section:

(2)
d2σtt̄

d cos θ1d cos θ2
=

σtt̄

4
(1 − C cos θ1 cos θ2),

where θ1 and θ2 denote the angle between the spin-quantization axis and the direction of
flight of the down-type fermion from W -boson decay in the respective parent t or t̄ rest
frame. At both CDF and DØ, the spin correlation has been measured using templates
in angular distributions. The DØ experiment uses the product of the lepton angles [23],
while the CDF experiment considers two two-dimensional templates, one based on lepton
angles, and one on the angles of the b quarks [24]. In the � + jets channel, the CDF
Collaboration uses the product of the cosines of the leptons and of the down-type quarks
as well as the product of the cosines of the leptons and the b quarks [25]. A particular
challenge in the � + jets final state is the identification of the down-type quark from
W -boson decay. The small efficiency of slightly more than 60% leads to a large dilution
of the measurement. Based on about 5 fb−1, the template based measurements yield the
following correlation coefficients in the beam frame:

CDF in 5.3 fb−1 of � + jets data : Cbeam = 0.72 ± 0.69 (stat + syst),
CDF in 5.1 fb−1 of dilepton data : Cbeam = 0.04 ± 0.56 (stat + syst),

DØ in 5.4 fb−1 of dilepton data : Cbeam = 0.10 ± 0.45 (stat + syst).

All these measurements are consistent with the SM expectation of Cbeam = 0.78±0.04
at NLO QCD. However, none of these is sensitive enough to distinguish between the
case of SM spin correlation and no spin correlation. A significant improvement, can be
achieved making use of matrix-element information [27].

The event probability for qq̄ → tt̄ production can also be written as a function of spin
correlation. Two hypotheses H are considered in the analysis: spins correlated according
to the SM (H = c) and uncorrelated spins (H = u). Using the above notation, the
probabilities can be written as

(3) Ptt̄(x;H) ∝
∫

dε1dε2fPDF (ε1)fPDF (ε2)
|M(y;H)|2

ε1ε2s
W (x, y)dΦ6.

Based on these probabilities, a powerful variable R can be defined,

(4) R =
Ptt̄(H = c)

Ptt̄(H = c) + Ptt̄(H = u)
,

that discriminates between tt̄ events with (c) and without (u) SM spin correlation [26].
Using 5.4 fb−1 of dilepton tt̄ events, DØ obtained Cbeam = 0.57 ± 0.31 (stat + syst).
Compared to the measurements based on angular templates, this improves the sensitivity
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by about 30%. The largest systematic uncertainty of ±0.07 is from limited statistics of
forming the MC templates.

This approach is also applied to 5.3 fb−1 of � + jets events [28]. Requiring at least
two jets to be identified as coming from b quarks, the signal purity is increased to about
90%. To increase the sensitivity, and to reduce the dilution from initial and final state
radiation, events are split into four subsamples by dividing the data into two groups
of events, one with four jets and the other with more than four jets. To reduce the
contamination from events in which a b jet is mistakenly taken to emerge from W boson
decay, these two groups are again separated according to whether the invariant mass of
the two light-flavor jets is within 25 GeV of the accepted mass of the W boson. From a
total of 729 tt̄ candidate events, Cbeam is extracted to be Cbeam = 0.89±0.33 (stat + syst).
Combining results from the dilepton and � + jets channel yields

Cbeam = 0.66 ± 0.23 (stat + syst),
Cbeam > 0.04 at 99.7% CL,

providing first evidence for a non-vanishing spin correlation in tt̄ events.
Another important property of top-quark production that is different between LHC

and the Tevatron, is the angular asymmetry in the t and t̄ production, i.e., the question
whether top (antitop) quarks are produced more often in the direction of the proton
(antiproton) at the Tevatron. At LO, tt̄ production is supposed to be symmetric in the
collision center of mass, however, at NLO interferences from contributions symmetric and
asymmetric under tt̄ exchange yield asymmetries. Thus, the SM predicts an enhanced
production of t (t̄) quarks in the direction of the proton (antiproton) of 5%. Extension
of the SM with Z ′ bosons or warped extra dimensions, increase the expected asymmetry,
while e.g., axi-gluons would decrease it. Depending on the quantization axis and the
objects considered, this asymmetry can be defined and checked in multiple ways. One
possibility is the direction of the reconstructed t and t̄ in the laboratory frame. Based
on their rapidity y = 1

2 ln(E+p
E−p ), one can define the forward/backward (FB) asymmetry:

(5) Att̄
FB =

N(Δytt̄ > 0) − N(Δytt̄ < 0)
N(Δytt̄ > 0) + N(Δytt̄ < 0)

.

However, due the relatively large energy resolution of jets and the challenge of recon-
structing the neutrinos, an improved definition makes use of the lepton direction, which
can be very well measured. It is given by

(6) A�
FB =

N(q�y� > 0) − N(q�y� < 0)
N(q�y� > 0) + N(q�y� < 0)

,

where y� is the rapidity and q� the charge of the lepton.
To calculate the asymmetry defined in eq. (5), the full tt̄ event must be reconstructed.

This is done using kinematic fitters, that reconstruct the event under the tt̄ hypothesis
using mass and resolution constraints [29-31]. The background contribution is subtracted
from the data and the result is unfolded correcting for the biases of reconstruction and
acceptance. CDF uses a matrix-inversion method, while DØ applies a regularized un-
folding procedure. These results can be compared directly to asymmetries from MC
generators or theoretical calculations. For MC@NLO [32], the asymmetry is predicted
to be 5%, Ahrens et al. calculate an asymmetry of 7% at NLO+NNLL [33] and Holik et
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al. find 9% at NLO that includes corrections from quantum electrodynamics (QED) [34].
The experimental results for eq. (5) are

CDF in 5.1 fb−1 of dilepton data : Att̄
FB = (42.0 ± 15.0 (stat) ± 5.0 (syst))%,

CDF in 5.1 fb−1 of � + jets data : Att̄
FB = (15.8 ± 7.2 (stat) ± 1.7 (syst))%,

DØ in 5.4 fb−1 of � + jets data : Att̄
FB = (19.6 ± 6.0 (stat)+1.8

−2.6 (syst))%.

Similarly, the leptonic asymmetry defined in eq. (6) is measured by the DØ Collabo-
ration in the �+jets channel using 5.4 fb−1 of data, with the extracted value of A�

FB being
(15.2± 4.0)%, which exceeds the predicted value of A�

FB = (2.1± 0.1)% from MC@NLO.
As new physics could lead to a different mass dependence, both experiments also studied
the dependence of the asymmetry on the mass of the tt̄ system and the rapidity differ-
ence in t and t̄. The largest deviation of more than 3 SD was observed by the CDF
Collaboration in the mass bin above 450 GeV. However, to get a full understanding of
the observed discrepancies, it is not only sufficient to reduce the statistical uncertainty
on these results, but one also has to address remaining questions such as the modeling of
the transverse momentum of the tt̄ system. To rule out models that try to accommodate
the observed asymmetries, it is also desirable to examine any polarization of top quarks,
as certain models may lead to polarized top quarks [35].

The well-understood and clean environment of tt̄ events makes this channel important
also for exploring effects of soft QCD and developing new tools, such as the color flow.
The color connection between particles depends on the nature of the decaying particle.
For color singlets, such as the W or Higgs bosons, the color string connects the decay
particles, while for octets, such as gluons, it connects the decay particles to the beam
remnants. Color flow can be used to discriminate e.g., ZH → Zbb from Z + jets. The
so-called jet-pull variable can be used to describe color flow [36]. This variable is defined
by the vectorial sum of all calorimeter cells within a given jet, i.e.

(7) 	p =
cells∑

i

Ei
T |ri|
Ejet

T

	ri,

where Ei
T is the transverse energy deposited in cell i with respect to the nominal center

of the detector, 	ri, the location of the cell and Ejet
T , the transverse energy of the jet. For

jets from color singlets, the jet pulls point towards each other, while for color octets, they
have opposite directions. As a first test, DØ used this variable to measure the fraction of
events in tt̄ in which the W → qq̄ decay is identified as a color singlet. Based on 5.3 fb−1

of � + jets data, the fraction is extracted to be fSinglet = 0.56± 0.42 (stat + syst). Based
on MC pseudo-experiments, the hypothesis that the W boson is a color octet can be
excluded at the 99% CL, however, in data, this hypothesis can only be ruled out at 95%
CL [37].

5. – Conclusion and prospects

Seventeen years after the observation of top quarks at the Tevatron collider, many
aspects of this massive quark have been measured precisely. By now, the top-quark mass
is known to less than 1 GeV. In addition, the well understood detectors at the Tevatron
pioneered studies of many new aspects of the top quark, such as spin correlation in tt̄
decays, and applications of the so-called jet-pull variable to study color flow in top-quark
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events. So far, all measurements are consistent with the SM predictions. Nevertheless,
discrepancies between data and theory are observed in the forward-backward asymme-
try. However, as the statistical uncertainties are still large, more data are needed to
learn whether these differences are due to an underestimated effect in modeling tt̄ and
background or whether this is caused by new physics beyond the SM. Thus far, most
analyses make use of half of the total data. Hence, the Tevatron legacy on this and
other issues still needs to be resolved. Many aspects of the physics differ between the
LHC top factory and the Tevatron—the discovery machine of the top quark. Additional
interesting results can still be expected from the full data sample at the Tevatron.

REFERENCES

[1] The Tevatron electroweak working group, arXiv:1107.5255v3.
[2] Moch S. and Uwer P., Phys. Rev. D, 78 (2008) 034003.
[3] Kidonakis N., Phys. Rev. D, 74 (2006) 114012.
[4] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. D, 84 (2011) 012008.
[5] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 105 (2009) 012001.
[6] Aaltonen T. et al. (CDF Collaboration), CDF Note 10163 (2010).
[7] Abazov V. M. et al. (DØ Collaboration), Phys. Lett. B, 704 (2011) 403.
[8] Abazov V. M. et al. (DØ Collaboration), DØ Note 5607 (2008).
[9] Aaltonen T. et al. (CDF Collaboration), CDF Note 10562 (2011).

[10] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. D, 82 (2010) 071102.
[11] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 81 (2010) 052011.
[12] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. D, 82 (2010) 032002.
[13] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. Lett., 107 (2011) 121802.
[14] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 84 (2011) 031104.
[15] Peng-Fei D., arXiv:0907.1324v2.
[16] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 103 (2009) 092002.
[17] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. D, 84 (2011) 112001.
[18] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 82 (2009) 112005.
[19] Abazov V. M. et al. (DØ Collaboration), Phys. Lett. B, 705 (2011) 313.
[20] Mahlon G. and Parke S., Phys. Rev. D, 53 (1996) 4886, Phys. Lett. B, 411 (1997) 173.
[21] Abazov V. M. et al. (DØ Collaboration), Phys. Lett. B, 703 (2011) 422.
[22] Bernreuther W. et al., Nucl. Phys. B, 690 (2004) 81.
[23] Abazov V. M. et al. (DØ Collaboration), Phys. Lett. B, 702 (2011) 16.
[24] Aaltonen T. et al. (CDF Collaboration), CDF Note 10719 (2011).
[25] Aaltonen T. et al. (CDF Collaboration), CDF Note 10211 (2010).
[26] Melnikov K. and Schulze M., Phys. Lett. B, 700 (2011) 17.
[27] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. Lett., 107 (2011) 032001.
[28] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. Lett., 108 (2012) 032004.
[29] Aaltonen T. et al. (CDF Collaboration), CDF Note 10436 (2011).
[30] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 83 (2011) 112003.
[31] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. D, 84 (2011) 112055.
[32] Frixione S. and Webber B. R., JHEP, 06 (2002) 029.
[33] Ahrens V. et al., arXiv:1106.6051v1.
[34] Holik W. and Pagani D., arXiv:1107.2606v1.
[35] Bernreuther W. and Si Z. G., Nucl. Phys. B, 837 (2010) 90.
[36] Gallicchio J. and Schwartz M., Phys. Rev. Lett., 105 (2010) 022001.
[37] Abazov V. M. et al. (DØ Collaboration), Phys. Rev. D, 83 (2011) 092002.



DOI 10.1393/ncc/i2012-11377-3

Colloquia: LaThuile12

IL NUOVO CIMENTO Vol. 35 C, N. 6 Novembre-Dicembre 2012

Electroweak physics results from CMS

I. Kravchenko for the CMS Collaboration

University of Nebraska-Lincoln - Lincoln, NE, USA

ricevuto il 7 Settembre 2012

Summary. — We present results of the most recent CMS electroweak measure-
ments performed at the LHC with the data collected in proton-proton collisions at
7 TeV. Production of W and Z bosons is discussed at length, including differential
cross sections and asymmetries with respect to several kinematic variables, the weak
mixing angle measurement, and production of W and Z in association with light and
heavy (b, c) quarks.

PACS 14.70.-e – Gauge bosons.
PACS 12.38.-t – Quantum chromodynamics.
PACS 12.15.-y – Electroweak interactions.

1. – Introduction

In this report, we present the most prominent recent results on electroweak physics
from the CMS experiment at the LHC. The LHC has concluded its 7 TeV proton-proton
running and delivered 5.7 fb−1 to the CMS experiment. The measurements discussed
in this paper are based on up to 2.1 fb−1, and the remaining data are presently being
analyzed. These data have been collected with the CMS detector over the years 2010
and 2011.

Throughout the year 2011, the instantaneous luminosity of the LHC has been increas-
ing, and with the luminosity the number of multiple interactions per bunch crossing, the
so-called pile-up, has increased as well. By the end of 2011, a typical pile-up level per
bunch crossing at CMS was 15 interactions, which posed a challenge to all measurements
reported here as it made more difficult to distinguish isolated leptons critical for any
measurement involving W and Z bosons, as well as to correctly calculate the jets energy.

2. – Reconstruction of W and Z bosons

All measurements discussed in this paper involve W and Z bosons. They are recon-
structed in the leptonic channels, typically electron or muon, as these channels offer the
cleanest samples. The transverse energy and momentum of both electrons and muons is
required to be above 20–25 GeV. Only isolated leptons are selected with a limited amount

c© CERN on behalf of the CMS Collaboration under CC BY-NC 3.0 255
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Fig. 1. – The W and Z samples in the muon channel observed in the 2010 CMS data.

of energy seen in the detector in the cone ΔR ≡
√

Δη2 + Δφ2 of 0.3 or 0.4 around the
lepton direction. For W decays, missing transverse momentum is required in the event,
and for Z reconstruction, the dilepton mass has to be consistent with the Z mass.

In nearly all measurements reported, the background prediction is derived from the
data. The reconstruction efficiencies and resolutions are estimated from the data as
well. Corrections for pile-up–related effects are applied on an event-by-event basis by
subtracting the average pile-up activity in the lepton isolation and jet energy.

3. – Inclusive W and Z production cross sections

The measurements of the inclusive W and Z cross sections in the electron and muon
channels are most straightforward and are based on 36 fb−1 of the 2010 data. These
results have already been published in [1], and are systematics limited, thus they will
not be updated with a larger dataset. The distributions shown in fig. 1 demonstrate
the quality of the W signal in the event missing transverse energy distribution and of
the Z signal in the dimuon mass distribution. All the measured inclusive cross sections
are in agreement with theory, the complete list of numerical values is found in [1]. The
full 7 TeV dataset of CMS contains roughly 100 times large sample of W and Z bosons.
At present, W and Z reconstruction at CMS is very well understood, and clean W/Z
samples are used widely for a variety of calibrations for more complex measurements.

Somewhat more challenging are measurements of the inclusive W and Z cross section
in the tau channels. The measurements are also based on the 2010 CMS dataset. While
these cross sections have relatively large errors, the measurements in tau channels allow
one to calibrate and understand tau reconstruction which is critical for Higgs and new
physics searches. The measurement of the Z → ττ production [2] combines several pos-
sible tau decays. The considered cases are tau decays to electrons, muons, and hadronic
tau decays to one or three charged particles with neutrals allowed. In fig. 2, a clean Z
peak is seen in one of the decay modes. The production cross section in graphical form
is found in fig. 3. The measurement of the W production with W decaying through its
tau channel is performed as well [3]. The hadronic decays of tau lepton are employed,
as for the Z case, with one or three charged hadrons with some neutral hadrons used in
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Fig. 2. – The visible mass distribution of the Z → ττ candidates (left); the transverse mass
distribution of the W → τντ candidates (right).

reconstruction. The W peak in the transverse mass distribution is found in fig. 2, and
the numerical values for the cross section, including separate results for W+ and W−,
are quoted in the table in fig. 3.

4. – Differential cross sections and asymmetries for W and Z

With a larger dataset collected in 2011, CMS has made several detailed measurements
of W and Z production. The differential cross sections of Z production with respect to
Z invariant mass and rapidity have been performed in the electron and muon Z decay
channels [4,5], and are useful for constraining proton PDFs. The measured behaviour of
the invariant mass spectrum above the Z peak is especially important as this is where
signs of new physics could be found. The measured dσ/dM and dσ/dy, the latter is for
the candidates in the mass range 60–120 GeV, are presented in fig. 4. The results are in
a good agreement with theory predictions. At present, the measurement of the double
differential cross section d2σ/dMdy is in progress in CMS.

The dependence of Z production cross section on the transverse momentum of the
Z has been measured with 36 pb−1 of 2010 data [5] for the mass range 60–120 GeV.
A more precise measurement with a much larger dataset is in progress. In fig. 5, the
measured momentum dependence of the cross section is shown separately for the different
momentum ranges. For lower momenta, non-perturbative QCD is in effect and the data

Fig. 3. – The production cross section results for the Z and W decaying to tau lepton(s).
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Fig. 4. – Differential cross sections of the Z boson production with respect to the mass (left)
and rapidity (right) of the Z.

are best described by Pythia with several free parameters. It is found that the Z2 and
ProQ20 Pythia tunes work rather well. The distribution for the high-pT region (above
25 GeV) is well predicted by perturbative calculations.

At LHC in proton-proton collisions, in order to produce a W+, most commonly a
valence u quark is combined with a sea d̄ quark, and for W− it is a valence d quark
combined and a sea ū quark. Due to a larger number of u valence quarks in comparison
to d valence quarks, there is an overall excess of W+ vs. W−. The overall ratio of W+/W−

measured by CMS in the past is in a good agreement with SM predictions. Taking it one
step further, one can measure this asymmetry as a function of W rapidity, the quantity
very sensitive to proton PDFs. In the CMS measurement of this asymmetry [6], the
muon decay channel of W is employed. Experimentally, the accessible quantity is the

Fig. 5. – Differential cross section of the Z boson production with respect to the pT of the Z for
the lower (left) and higher (right) pT regions.



ELECTROWEAK PHYSICS RESULTS FROM CMS 259

Fig. 6. – Muon charge asymmetry as a function of pseudorapidity for W → μνμ candidates.

muon charge asymmetry as a function of the muon pseudo-rapidity:

A =
dσ(W+)/dy − dσ(W−)/dy

dσ(W+)/dy + dσ(W−)/dy
→ dN(�+)/dη − dN(�−)/dη

dN(�+)/dη + dN(�−)/dη
.

The observed asymmetry is plotted in fig. 6. In this measurement, the selected candidates
are required to have the transverse momentum of at least 25 GeV. A good agreement
with HERAPDF is observed. However, the measured distributions is more flat than the
predictions produced using MSTW, CT10, and NNPDF.

5. – Measurement of the weak mixing angle

The weak mixing angle is one of the fundamental parameters of the standard model
and is presently known to better than 0.1%. The previous measurements performed
at Tevatron experiments achieved the accuracy of about 1%. In this paper, a CMS
measurement of the weak mixing angle that is of similar accuracy is reported [7]. At
LHC, measuring the weak mixing angle is more difficult than at the Tevatron. This
measurement is made by analyzing the process qq̄ → �+�−. At the Tevatron, in proton-
antiproton collisions the forward-backward asymmetry of the �+ and �− production can
be exploited. At LHC in pp collisions, this is not possible as the valence quark can come
either of the colliding protons, while the sea anti-quark will come from the other, and no
asymmetry is seen in �+ and �− production. Instead, in the CMS measurement of the
weak mixing angle, a simultaneous fit of the three observables of the qq̄ → μ+μ− process
is performed: of dimuon rapidity, their invariant mass, and the decay angle (see fig. 7).
The shapes of the distributions of these observables have sensitivity to the value of the
effective weak mixing angle, which is found to be

sin2 θeff = 0.2287 ± 0.0020(stat) ± 0.0025(syst).

6. – W and Z production with accompanying jets

Measurements of W and Z production along with one or more jets provides a stringent
test of perturbative QCD. Moreover, vector bosons accompanied by several jets produced
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Fig. 7. – The distributions of the three observables (invariant mass, rapidity, and the decay
angle) of dilepton pairs entering the multivariate analysis that yields the weak mixing angle
measurement.

via standard model processes is a background to searches for new physics, Higgs searches,
and top quark measurements. Several characteristics of W and Z production at 7 TeV
were measured by CMS. This report contains results based on 2010 dataset of 36 pb−1.
In this measurement, W and Z are identified through their decays into both electron and
muon channels. Jets are reconstructed with the anti-kT algorithm with the cone size 0.5
in ΔR, and their energy is corrected for pile-up. The measured dependencies include the
production rates of W and Z plus n jets to inclusive of the corresponding vector boson
production, as well as the ratio of the above mentioned ratios between W and Z. Several
of these results are shown in fig. 8, while the complete set is found in [8]. The observed
ratios are found to be in a good agreement with prediction from simulations based on
the Madgraph generator.

7. – W and Z plus heavy-quark production

The production of W accompanied by a c quark which hadronizes into a jet is sensitive
to the strange content of proton PDF. This process at LHC proceeds primarily as hard
scattering of an s or s̄ and a gluon. More than 10% of W+jets events with jet pT > 20 GeV
contain a charm quark. Recently, CMS measured the ratio R±

c ≡ σ(W+c)/σ(W−c). This

Fig. 8. – Multiplicities of jets produced in association with W and Z and normalized to the
inclusive W and Z production.
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Fig. 9. – The distribution of the discriminant based on the significance of the secondary vertex
displacement for W+charm candidates (left); the distribution of the leading jet secondary vertex
mass for Z + b(b) candidates (right).

ratio is expected to be close to 1.0 as the s and s̄ quarks have approximately the same
PDF. The result [9] is consistent with the expectations:

R±
c = 0.92 ± 0.19(stat) ± 0.04(syst).

Additionally, the fraction of the charm in W+jets events is of interest, and is reflected
in the observable Rc ≡ σ(W± + c)/σ(W± + jets). CMS measures this fraction to be [9]

Rc = 0.143 ± 0.015(stat) ± 0.024(syst),

which agrees with NLO predictions.
In measuring both Rc and R±

c , W candidates are reconstructed in the muon channel.
Jet reconstruction is the same as described in sect. 6. Jets containing the charm quark
are found by requiring a displaced secondary vertex. Figure 9 depicts the discriminant
based on the 3D decay length significance which is used to measure the number of W
events with charm in the sample. The signal W+charm is quite clean.

The production of Z along with a b quark is sensitive to the b component of proton
PDFs. Moreover, it is both a benchmark and a background to Higgs searches with
decays involving b quarks. CMS measures the production cross section of the Z boson
accompanied by one or two b quarks [10]. The Z bosons are reconstructed in both
electron and muon channels, and jets are found as in sect. 6. The b jets are selected by

Table I. – Production cross section of the Z + b(b) measured at CMS.

Multiplicity bin ee μμ

σhadron(Z + 1b, Z → ��)(pb) 3.25 ± 0.08 ± 0.29 ± 0.06 3.47 ± 0.06 ± 0.27 ± 0.11
σhadron(Z + 2b, Z → ��)(pb) 0.39 ± 0.04 ± 0.07 ± 0.02 0.36 ± 0.03 ± 0.07 ± 0.03

σhadron(Z + b, Z → ��)(pb) 3.64 ± 0.09 ± 0.35 ± 0.08 3.83 ± 0.07 ± 0.31 ± 0.14
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requiring the presence of a secondary vertex in the jet. The cross section is measured
in acceptance, where both leptons have pT > 20 GeV and |η| < 2.5, dilepton mass is in
the interval 76–106 GeV, and the b jets are required to have pT > 25 GeV, |η| < 2.1, and
be separated from the leptons by ΔR of at least 0.5. The quality of the selected sample
is illustrated on the figure of the invariant mass of the particles in the secondary vertex
found in b jet candidates (see fig. 9). The total production cross section of Zbb is found
to be

σ(Zbb) = 0.37 ± 0.02(stat) ± 0.07(syst) ± 0.02(theory) pb.

This value agrees well with the expectation, obtained using Madgraph, of 0.33± 0.01 pb.
A breakdown by channel and results for different b quark multiplicities are found in
table I.

8. – Conclusions

In this report, we present a number of detailed measurements of W and Z production
and V +jets production including heavy quarks based on partial 7 TeV proton-proton
data collected by the CMS experiment at LHC. All presented results are consistent with
theory predictions. Most of these measurements are expected to be updated by CMS
once the full analysis of the 2010-2011 7 TeV dataset is completed.
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Summary. — Measurements of single W and Z as well as diboson WW , WZ
and ZZ production at the LHC performed by the ATLAS Collaboration in 2010
and 2011 are presented. The data provide accurate tests of the theory in a wide
kinematic range. A QCD analysis of the W and Z boson differential distributions
reveals a novel sensitivity to the strange-quark density which is found to be large
compared to previous expectations. Studies of W + b and Z + b jet production and
W polarisation test NLO QCD calculations and proton PDFs. The diboson cross
section measurements are used to determine limits on the anomalous couplings. No
deviation from the Standard Model is observed.

PACS 12.38.Qk – Experimental tests.
PACS 13.38.Be – Decays of W bosons.
PACS 13.38.Dg – Decays of Z bosons.
PACS 14.70.Hp – Z bosons.

1. – Introduction

Successful start and continuous delivery of the luminosity enabled rediscovery of the
Standard Model processes at the LHC. The processes with the highest cross section, such
as production of single W and Z bosons, were accurately measured already using the
data collected during the first year of the operation, in 2010. Further increase of the
integrated luminosity in 2011 allowed the ATLAS Collaboration to extend the reach to
rarer processes, in particular production of diboson states.

The measurements reported by the LHC Collaborations have an unprecedented accu-
racy for the detectors which are at the beginning of their operation cycle. In particular,
the ATLAS detector shows very good performance. For example, the lepton (e, μ) identi-
fication efficiency is understood typically to better than 1%, the calorimeter energy scale
is known to better than 1% [1], and the jet energy scale is calibrated with up to 2.5%
accuracy for the central jets at medium transverse momenta (pT ) [2]. Last but not least
ingredient enabling success of the Standard Model physics analyses at the LHC is the
accurate determination of the luminosity which is measured to 3.4% precision [3].

c© CERN on behalf of the ATLAS Collaboration under CC BY-NC 3.0 263
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Fig. 1. – Kinematic reach of the measurements at fixed target and collider ep experiments and
at the LHC.

Standard Model predictions at the LHC require higher-order QCD calculations and
knowledge of the proton structure. The parton distribution functions (PDFs) are mea-
sured primarily using deep-inelastic lepton-proton scattering data. The PDFs are pa-
rameterised as a function of Bjorken-x variable, their values at different four momentum
transfers Q2 are related using evolution equations. The pp scattering processes at the
LHC are predicted using these universal PDFs and coefficient functions, calculated per-
turbatively. Large center of mass energy S = 4E2

p of the LHC leads to a kinematic
coverage extending to high Q2 and low x, see fig. 1. Comparison of the data with the
predictions thus provides tests of perturbative QCD and shed additional light on the
proton structure.

2. – Measurements based on production of W and Z bosons

The production of W,Z vector bosons at the LHC is the standard candle process which
can be used to calibrate and monitor performance of the detectors and to validate the
Standard Model predictions. Accurate measurements of the W and Z boson production
are performed by the ATLAS Collaboration in the electron and muon channels [4] using
the data collected in 2010. The Standard Model predicts that W and Z bosons couple
identically to the leptons from different generations and thus production rates should be
the same up to effects proportional to the lepton masses (“lepton universality”). Figure 2
shows that the ATLAS measurements expressed in term of the ratios of Z → e+e− to
Z → μ+μ− and W± → eν to W± → μν production cross sections are consistent with
the lepton universality at a few percent level of accuracy. For the W boson, the precision
of the result is comparable with the PDG world average [5].

The measurements of the total cross section in e and μ channels are combined and
compared to the predictions in fig. 3 which shows experimental results obtained at pp
and pp̄ colliders and at different center of mass energies. For pp̄ colliders, W+ and W−

production has identical cross section while for pp colliders W+ production cross section
is larger since the u-quark has larger density that the d-quark. Overall, there is a very
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one-dimensional uncertainties.

good agreement between the data and expectations. There is also a very good agreement
observed between ATLAS and CMS total cross section measurements.

Additional information on the proton structure can be obtained by performing differ-
ential cross section measurements, in particular by using the boson rapidity y. At leading
order, y is given by x1 and x2 values of the colliding quarks as x1,2 = M/

√
S exp(±y)

where M = MW or M = MZ . Since for the W bosons it is impossible to reconstruct
y due to the missing neutrino, the pseudorapidity of the reconstructed lepton η� is used
instead.
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for the correlated systematic error shifts. The fits with free and fixed strangeness are shown,
and their ratios are given in the lower panels.

The combined differential cross sections dσ/dη� and dσ/dyZ were included in a QCD
fit [7] using a HERAFitter program [8]. The analysis uses full correlation information
among the measurements. Two fits were performed, using different levels of the strange-
sea quark density, they are shown in fig. 4. The fit in which ratio of strange-to-down
quark density rs = 0.5(s̄ + s)/d̄ is let free shows significantly improved agreement with
the data compared to the fit with fixed rs = 0.5.

The ATLAS measures rs = 1.00+0.09
−0.10 at x = 0.013, corresponding to yZ = 0, and Q2 =

M2
Z . The measurement is compared in fig. 5 with predictions from different PDF groups.

The ATLAS data are above all expectations, they are consistent with the prediction
of CT10 [9], while the other groups show lower values. The large strangeness fraction
results in a better description of the ratio of the W to Z total cross sections, calculated
in fiducial volume of the measurement, as it is also shown in the fig. 5.

The flavour decomposition of PDFs can be also studied using boson production with
jets where the jets are flavour tagged using displaced vertex information or B meson
decays. The W +b jet production is, however, mostly sensitive to the b quark production
from the QCD radiation. The ATLAS results [11] are shown in fig. 6, they are somewhat
exceeding the expectations for larger jet multiplicities, however the data and theory are
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Fig. 5. – Predictions obtained for the ratio rs at Q2 = MZ and x = 0.013 (left). Ratio of fiducial
cross sections, (W+ + W−)/Z (right) [10]. Points show predictions from different PDF groups,
bands represent the ATLAS result with inner band showing experimental and outer band total
uncertainty. The blue star “epWZ free s̄” is the result of the ATLAS fit.
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Z and b-tagged jet events (right) [12]. The fitted contributions from b, light, and c jets are
displayed together with other backgrounds.

consistent within the uncertainties. The production of b-tagged jets associated with the
Z boson provides a check of the b quark PDF. Larger coupling to the Z boson for the b
compared to c quark can lead to improved sensitivity with respect to the measurements
of the b-PDF at HERA. Figure 6 shows the secondary vertex mass distribution which
indicates the high purity of Z + b jet events for high masses. The ATLAS result for the
Z+b jet production cross section [12] is consistent with the expectations. At leading order
QCD, W bosons are produced left- (fL) or right-handed (fR) and for large rapidities they
are predominantly left-handed since on average the valence quarks carry larger momenta
compared to the sea antiquarks. A comparison of left- vs. right-handed W bosons thus
gives a handle on the valence - sea quark separation. In addition, at NLO, for production
at significant transverse momentum pW

T , the longitudinal polarisation (f0) arises from
the gluon density. The polarisation fractions obey fL + fR + f0 = 1 relation leaving two
of them independent. ATLAS measurements [13] are shown in fig. 7 in terms of f0 as a
function of fL − fR for different ranges in pW

T . The ATLAS result establishes fL > fR as
expected from the valence quark dominance. The longitudinal polarisation fraction f0 is
consistent with the expectations and is above zero at 1–2σ level.

3. – Measurements of diboson production

At the LHC, the main diagrams for the W+W− production are the t-channel quark
exchange and the s-channel diagram containing the triple gauge coupling (TGC) vertex.
The gluon-gluon fusion box diagram contributes less that 10% at

√
S = 7 TeV. For

the ZZ and WZ pair production, the TGC vertex vanishes in the Standard Model.
Accurate measurements of the diboson production cross sections provide thus stringent
tests of the Standard Model and may show indications of physics beyond it. All ATLAS
results presented here are based on 1.02 fb−1 of data collected in 2011.
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Fig. 7. – Measured values of f0 and fL − fR, after corrections, with acceptance cuts for 35 <
pW

T < 50GeV (left) and for pW
T > 50 GeV (right) compared with the predictions from NLO

simulations [13]. The ellipses around the data points correspond to one standard deviation,
summing quadratically the statistical and systematic uncertainties.

For the processes involving massive gauge bosons in the final state, W+W− produc-
tion has the highest cross section. The final state is however not fully reconstructed
and there are sizable background contributions even after all selection criteria are ap-
plied, providing additional challenges for the analysis. The ATLAS Collaboration mea-
sured the W+W− production cross section using μ+μ−, e+e− and e±μ∓ final states
with missing transverse energy [14]. The ATLAS measurement, σ(pp → WW ) =
54 ± 4.0stat ± 3.9syst ± 2.0lumi pb, is found to be consistent with the Standard Model
prediction of 44.4 ± 2.8 pb. Figure 8 shows comparisons of the data with the sum of
the signal and background predictions for the invariant mass of the charged leptons.
Background contribution from the Drell-Yan process around the Z boson mass is clearly
visible in this plot. No significant deviation from the expectation is observed.

Fig. 8. – The distribution of the invariant mass of the charged leptons after the final selection
for WW candidates from combined ee, μμ and eμ channels [14]. The data (dots) are compared
to the expectation from WW and the background contributions.
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Fig. 9. – For WZ candidates after the full selection, the invariant mass of the lepton pair
attributed to the Z boson (left) and the transverse momentum of the Z boson (right) [15]. The
stacked histograms represent the predictions from simulation or data-driven estimates, including
the uncertainties shown by shaded bands. The last bin of the right panel includes the overflow.

Compared to WW production, requirement of a presence of a fully reconstructed Z
boson suppresses the background processes for the WZ production. The invariant mass
of the lepton pair for the Z boson candidates in shown in fig. 9 where only small contam-
ination of the background is observed. The total cross section measured by ATLAS [15],
σ(pp → WZ) = 20.5+3.1

−2.8stat
+1.4
−1.3syst

+0.9
−0.8lumi pb, is consistent with the Standard Model

prediction 17.3+1.3
−0.8 pb. There is also good agreement observed between the measured

transverse momentum distribution of the Z boson and the expectations, up to highest
pZ

T values, see fig. 9.
The ATLAS measurement of ZZ production in 2μ2μ, 2e2e and 2μ2e channels [16]

is based on observed 12 events with a background expectation of 0.3 ± 0.3stat
+0.4
−0.3syst

events. The correlation of the invariant masses of the dilepton pairs for the leading

Fig. 10. – The mass of the leading lepton pair versus the mass of the subleading lepton pair for
the ZZ candidate events (left) [16]. The events observed in the data are shown as solid circles
and the ZZ signal prediction from the simulation as boxes. Anomalous TGC 95% confidence
intervals from various experiments (right).
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and sub-leading in pT Z boson candidates is shown in fig. 10. Based on these data,
the ATLAS Collaboration measured the production cross section of σ(pp → ZZ) =
8.5+2.7

−2.3stat
+0.4
−0.3syst ± 0.3lumi pb which is consistent with the Standard Model expectation

of 6.5+0.3
−0.2 pb.

From the measurement of the WW , WZ and ZZ diboson production the ATLAS
Collaboration has derived limits on the anomalous TGC. An example result is shown
for the forbidden Z(γ) → ZZ coupling in fig. 10. The limits are comparable to those
obtained by the other experiments.

4. – Summary

The ATLAS measurements of the Standard Model processes show remarkable agree-
ment between the data and expectations. The data are precise enough to impose con-
straints on the proton structure. An accurate measurement of the W and Z production
cross sections provides a check of the lepton universality. The differential measurements
are used as a stringent test of the proton PDFs; a QCD analysis of the data reveals a novel
constraint on the strange-sea quark density which is found to be unsuppressed compared
to the down-sea. Studies of W + b and Z + b jet production are used to investigate
higher-order QCD effects and the b quark density. The valence and gluon densities are
probed using the measurement of the W -polarisation, consistency is observed between
the data and NLO QCD calculations.

The data collected in 2011 were used to measure the rare WW , WZ and ZZ diboson
production processes. For all of them, the data are found to be consistent with the
Standard Model expectations. Limits are derived on the anomalous couplings which are
competitive with the other experiments.
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Summary. — Recent top-physics results obtained at ATLAS using the LHC data
collected during 2011 are reviewed. For the top and antitop pair production process,
measurements of the cross section and the top quark mass are summarized and
the measurements yielding the most precise results are discussed. Results of other
recent measurements of top quark properties in top and antitop pair production
production events are summarized. Then the searches for the new physics predicting
top quark production mechanisms other than Standard Model ones or final-state
signatures similar to the top production processes signatures are reviewed. Finally
measurements in the single-top production processes are reviewed.

PACS 14.65.Ha – Top quarks.

1. – Introduction

In 2011, the LHC delivered an integrated luminosity of Lint = 5.6 fb−1 of pp collisions
at 7 TeV centre-of-mass energy to the ATLAS [1] experiment. The data fulfilling all
quality requirements of top quark production analyses corresponds to the integrated
luminosity of Lint = 4.7 fb−1. The top physics results obtained to date with the 2011
data are presented in this contribution(1). At the LHC top quarks are predominantly
produced via the strong-interaction processes resulting in pair production of top and
antitop (tt̄ production). The pair production cross section is approximately twice as
large as the total cross section of the weak-interaction production leading to single-top-
quark final states. The latter include the exchange of a virtual W boson in the t-channel
or in the s-channel, and the associated production of a top quark and an on-shell W
boson (Wt-channel production). The top quark is expected to decay to a W boson and
a b quark with a branching ratio Br close to 1. For the tt̄ production the decay channels
are classified depending on the W boson decays as follows: in dileptonic, single lepton
and fully hadronic decay channel both, one and none of the W bosons decays to leptons.

The top quark production event selection consists of event cleaning, trigger require-
ments, requirements on the multiplicities of the final-state object and event properties
requirements that are expected to enhance the signal (S) over background (B) ratio. The
event cleaning includes the detector and data quality requirements, the presence of at
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(1) All public ATLAS top quark physics results are available at [2].
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least one good primary vertex candidate [3] and the absence of jets failing quality crite-
ria [4] as well as requirements aimed at cosmic background rejection. The trigger, object
and event properties requirements are analysis specific and are detailed e.g. in refs. [5-7]
for dileptonic, single lepton and fully hadronic tt̄ decay channel analyses and in refs. [8-10]
for single top t-, Wt- and s- production channel analyses. Typical kinematic requirements
used for e (μ, jet) are (|η| < 2.5) and ET > 25 GeV (pT > 20 GeV) or higher, where η,
ET and pT denote the pseudorapidity(2), transverse energy and momentum, respectively.
Jets are reconstructed using the anti-kt algorithm [11] with a radius parameter of 0.4.
Clusters of adjacent calorimeter cells [12] are used as clustering inputs. The missing
transverse momentum (Emiss

T ) is calculated using clusters of adjacent calorimeter cells
and corrected for the presence of e, μ and jets [13]. The identification of jets originating
from b quarks is performed using a discriminant obtained from one or combination of
more b tagging algorithms. The taggers rely on impact parameters of the track within the
jet (IP3D), properties of the vertices reconstructed within the jet (SV1) or topology of b
and c hadron decays (JetFitter) [14]. The tagger working points are typically chosen such
that the tagging efficiency of ∼ 60%–70% and the light jet rejection of ∼ 500 are achieved.

For each of the top quark production processes a number of Monte Carlo (MC) gen-
erators and setups is used for the baseline MC prediction and to assess the modeling
systematics. For the tt̄ and s- and Wt-channel single-top events the baseline samples are
generated using MC@NLO [15] generator interfaced to Herwig [16] and Jimmy [17]. For
t-channel the AcerMC generator [18] interfaced to Pythia (v6) [19] is used. Supervising
generators parameters are set according to tunes including ATLAS data [20, 21]. Sam-
ples generated with POWHEG-hvq [22], interfaced with Pythia as well as Herwig and
Jimmy, ALPGEN [23], interfaced with Herwig and Jimmy, and Sherpa [24] generators
are used for modeling systematics. Apart from generator to generator comparisons the
modeling systematics is also addressed by using dedicated samples with Pythia genera-
tor parameter variations. The bulk of background samples is generated with ALPGEN

interfaced to Herwig and Jimmy generators. Generated events are processed through
the simulation of the ATLAS detector that relies on GEANT4 simulation toolkit [25].
The reconstruction of simulated samples is performed using the same software release as
for the data. Pile-up is simulated using minimum bias events generated with Pythia (v6)
generator. Signal Monte Carlo samples are normalized such that inclusive cross sections
correspond to the recent theoretical predictions. For analyses discussed in this contribu-
tion the tt̄ cross section is normalized to the approximate next-to-next-to-leading–order
prediction value of 164.6 + 11.5 − 15.8 pb, obtained using the HATHOR tool [26] and
CTEQ6.6 NLO parton distribution functions (PDF) set [27]. Single top production cross
sections are normalized to the approximate next-to-next-to-leading–order prediction val-
ues of 64.6 + 2.7 − 2.0 pb, 4.6 ± 0.2 pb and 15.7 ± 1.1 pb for the t, s and Wt production
channels, respectively [28]. Reference single-top cross section values are obtained using
MSTW2008 NNLO PDF set [29]. For both tt̄ and single top production the uncertainties
are obtained by linear addition of PDF and scale uncertainties. The cross sections are
evaluated at the top quark mass of mt = 172.5GeV that is used for simulated samples.

(2) ATLAS uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the centre of the detector and the z-axis along the beam pipe. The x-axis points
from the IP to the centre of the LHC ring, and the y axis points upward. Cylindrical coordinates
(r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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Fig. 1. – Left: summary of ATLAS measurements of the tt̄ production cross section compared to
the theoretical expectation [2]. Right: measurements on the top quark mass from the individual
ATLAS analyses and the combined result from the 2d analysis described in the text. The results
are compared to the results of the Tevatron experiments [30].

2. – tt̄ production measurements

Measurements in tt̄ production processes obtained to date with the data collected in
2011 are summarized in the following.

Measurements of tt̄ production cross section enable precision tests of perturbative
QCD predictions. Cross section measurements are also of importance for new physics
searches, since many new physics models predict the existence of additional production
mechanisms that result in enhancements of the tt̄ production cross section with respect
to the Standard Model prediction. The knowledge of tt̄ production rates in various
kinematic regimes is needed for many new physics searches for which tt̄ production
represents an important background. The cross section measurements at ATLAS with
the data collected in 2011 are summarized and compared to the theoretical expectation
in fig. 1 (left). The total uncertainty of the combined result is comparably small to the
state of the art theory calculations (sect. 1) and the systematics uncertainty exceeds
the statistical uncertainty.

The ATLAS single most precise cross section measurement is obtained in the single-
lepton (e or μ) decay channel [6] using Lint = 0.7 fb−1 of collected data. Apart from
the lepton requirement, events are requested to contain large Emiss

T and at least three
high pT jets. The method for signal and background separation exploits differences in
distributions of the following kinematic variables: lepton η, leading jet pT and event shape
variables aplanarity and HT,3p(3). These observables are used as inputs to a likelihood
discriminant. The analysis is performed in six channels corresponding to different lepton
flavor (e or μ) and jet multiplicity (3, 4 and ≥ 5 jets). Signal and background templates
are constructed for each of the channels and the tt̄ cross section is extracted from a
simultaneous fit of the templates to the the data:

(1) σtt̄ = 179.0 ± 4(stat.) ± 9(syst.) ± 7(lumi.) pb.

(3) HT,3p corresponds to the transverse momentum of all but the two leading jets, normalized
to the sum of absolute values of all longitudinal momenta in the event.
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Fig. 2. – Left: lepton Δϕ distribution used for the measurement of the spin correlation in tt̄
production [31]. Right: tt̄ charge asymmetry values in two tt̄ invariant-mass bins, unfolded and
compared to the theoretical SM prediction [32].

Dominant sources of systematic uncertainty are the choice of the signal MC generator, fol-
lowed by the jet energy scale and initial and final state radiation modeling uncertainties.

The top quark mass mt is a fundamental parameter of the Standard Model (SM).
It can be used to derive constraints on the masses of the Higgs boson and of heavy
particles predicted by SM extensions. Measurements of mt performed at ATLAS with
the data collected in 2011 are summarized and compared to Tevatron experiments results
in fig. 1 (right). The most precise measurement is obtained in the single-lepton (e or μ)
tt̄ channel [30] using data corresponding to the integrated luminosity of Lint = 1.04 fb−1.
The mt is extracted using a two-dimensional template method (2d analysis). The two
fitted quantities are the mt and a global (averaged over η and pT) jet energy scale factor
(JSF). The main observables from which the mt and JSF are extracted are the selected
jet pair and jet triplet invariant masses. These serve as estimators of the reconstructed
W boson and reconstructed mt. The combined value of e and μ channel results is,

(2) mt = 174.5 ± 0.6(stat.) ± 2.3(syst.) GeV.

While the statistical uncertainty of the ATLAS and Tevatron measurements are compa-
rable, a reduction of the systematics uncertainty claimed by ATLAS is needed in order
to reach the Tevatron measurements precision. The largest sources of systematics are
the relative b-jet to light jet energy scale, followed by the light quark jet energy scale and
the modeling of the initial and final state radiation. These sources account for ∼ 85% of
the systematic uncertainty.

Spin correlation in tt̄ production has been measured with the data corresponding to
Lint = 2.05 fb−1 in dileptonic (e or μ) decay channel [31]. Due to its short life-time the
top quark is expected to decay before hadronising. The spin correlation of t and t̄ is trans-
ferred to decay products and can be inferred from their respective angular distributions.
The lepton Δϕ distribution shown in fig. 2 (left) is found to be a sensitive observable.
The distribution measured in the data is compared to the theoretical predictions obtained
in the cases of t and t̄ spin correlations as predicted by the SM and the uncorrelated t
and t̄ spin hypothesis. Using templates produced from samples with and without spin
correlations a fraction of SM-like events is extracted and found to be consistent with
1.0. The hypothesis of zero spin correlation is excluded at 5.1 standard deviations.
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Table I. – Summary of 95% confidence level (CL) limits obtained in searches for the pair-
produced heavy quarks, same-sign top production and resonances decaying to top quarks at AT-
LAS with the data collected in 2011.

Process Channel Lint [fb−1] Excl. limits Ref.

pair-produced heavy quarks QQ

QQ → W+qW−q dilepton 1.04 mQ < 350 GeV [39]

(q = u, d, c, s, b)

QQ → W+bW−b single lepton 1.04 mQ < 404 GeV [40]

QQ → W+tW−t single lepton 1.04 mQ < 480 GeV [42]

QQ → W+tW−t dilepton 1.04 mQ < 450 GeV [41]

QQ → tt̄ + Emiss
T single lepton 1.04 mQ < 420GeV, [43]

mA0 < 140GeV

Resonances decaying to top final states

tt μ+μ+, μ−μ− 1.6 σ′
Z = 3.7 − 2.2 pb [44]

for mZ′ = 0.1− � 1TeV

tt l+l+, l−l−, l = e, μ 1.04 σ′
Z = 2.0 − 1.4 pb [41]

for mZ′ = 0.1 − 0.2 TeV

tt̄ di- & single lept. 2.05 500 < mZ′ < 880 GeV, [45]

500 < mgKK < 1130GeV

tb lνbb 1.04 mW ′
R

< 1.13 TeV [46]

The charge asymmetry Ac measurement has been performed with Lint = 1.04 fb−1 in
the single-lepton (e or μ) channel [32]. LHC Ac measurement are particularly interesting
due to the deviations from the SM predictions recently reported for forward-backward
asymmetry by the Tevatron experiments [33]. Results of the measurements done at
ATLAS to date yield results consistent with SM predictions, as shown in fig. 2 (right).

Further top quark property measurements in tt̄ events include the measurement of W
polarization [34], top quark charge [35] and searches for flavor-changing neutral-current
(FCNC) decays of the top quark [36]. In all cases the results are consistent with the SM
expectations. The measurements of the tt̄ production in association with jets [37] and
photons [38] have also been performed.

3. – New particle searches in top(-like) production

A number of new particle searches have been performed in top(-like) production with
the data collected in 2011. These include searches for pair-produced heavy quarks, same-
sign top production and resonances decaying to top quarks. In these processes final-state
signatures are similar to top quark production processes or top quarks are produced. The
results are summarized in table I(4). In all cases no excess over SM expectations has

(4) The following labels are used in the table: A0 denotes a stable, neutral weakly interacting
particle, Z′ denotes a narrow resonance, gKK denotes a Kaluza-Klein gluon excitation in the
Randall-Sundrum model and W ′

R denotes a right-handed charged heavy gauge boson.
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Table II. – Summary of single-top cross section measurements at ATLAS.

Channel Lint [fb−1] Cross section [pb] SM prediction [pb] Ref.

t 1.04 83 ± 4(stat.) + 20 − 19(syst.) 64.57 +2.7 -2.0 [8]

Wt 2.05 16.8 ± 2.9(stat.) ± 4.9(syst.) 15.7 ± 1.1 [9]

s 0.70 < 26.5(20.5) obs.(exp.) @ 95% CL 4.6 ± 0.2 [10]

been observed, which enables setting limits on new particle properties and new physics
processes. Searches for pair-produced heavy quarks (QQ) are a direct tests of the fourth-
generation quark existence. In the scenarios summarized in the table the heavy-quark
mass mQ exceeds the mass of the top quark and the tt̄ production is the main background
process. The limits quoted for refs. [39,40] apply to heavy up- and down-type quark pair
production as well as exotic quark pair production decaying to the final state used in the
analysis. Many of new physics models predict the existence of resonances decaying to top
quarks. The searches for same sign top production, tt̄ and tb resonances summarized in
the table enable setting more stringent limits on the resonance masses than the existing
limits from Tevatron experiments. In ref. [41] the limits are also placed on models that
could explain the larger than expected forward-backward asymmetry in tt̄ production
observed at Tevatron.

4. – Single-top production results

The single-top-quark production proceeds via the weak interactions. With respect to
the tt̄ production it provides additional means to probe tWb vertex. Single-top produc-
tion is a sensitive probe of a number of new physics models [47]. It can also be used for
direct measurements of the CKM matrix element |Vtb|. Hence, despite lower production
rates and more challenging signal to background separation with respect to the tt̄ pro-
duction, a number of single-top production measurements have been performed ATLAS

in 2011. The cross section measurements have been performed in the t, Wt and s chan-
nels. The measured values and their associated statistical and systematic (stat., syst.)
uncertainties or upper observed and expected (obs.(exp.)) 95% CL limits are reported
in table II.

In the t-channel measurement [8] the final states with one lepton (e, μ), Emiss
T , and

two or three jets, exactly one of them identified as originating from a b quark, are
selected. The multijet background and the normalization of the background coming
from the W production in association with jets are derived from the data. Theoretical
predictions are used for the tt̄ backgrounds and other smaller background contribution
processes. The cross section is measured by fitting the distribution of a multivariate
discriminant constructed with a neural network (NN). The estimator of the invariant
top mass, obtained from the b tagged jet, the charged lepton, and the neutrino is the
NN input variable with the highest discrimination power. The NN output is shown
in fig. 3 (left). The extracted cross section reported in table II is in good agreement
with the SM prediction. Dominant sources of systematic uncertainty are the b-tagging
efficiency and the ISR/FSR modeling systematics that account for approximately 80% of
the total systematic uncertainty. The NN analysis result is cross-checked with the cut-
based method, using additional cuts in order to increase the expected significance of the



LATEST TOP PHYSICS RESULTS AT ATLAS 277

NN output
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.0

7

0

1000

2000

2 jets 1 b-tag
 ATLAS -1 = 1.04 fbL dt 

 = 7 TeVs
Data
Single-top t-channel

, Other toptt
W+heavy flavour
W+light jets
Z+Jets, Diboson
Multijets

∫

b) [GeV]νm(l
0 100 200 300 400 500

E
ve

nt
s 

/ 2
0 

G
eV

0

50

100

150

200
Data

Single-top t-channel

, Other toptt

W+heavy flavour

W+light jets

Z+jets, Diboson

Multijets

ATLAS -1 = 1.04 fbL dt ∫
 = 7 TeVs2 jets 1 b-tag
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signal is normalized to NN fit result (left) and to the observed cross section (right). Source: [8].

t-channel single-top-quark signal. The distribution of the invariant top mass estimator
obtained in cut-based method is shown in fig. 3 (right). The CKM matrix element |Vtb|
is measured to be |Vtb| = 1.13 +0.14 −0.13 and |Vtb| = 1.03 +0.16 −0.19 in t- and
Wt-channel analyses.

A search for the FCNC has also been performed for the single top production with
Lint = 2.05 fb−1 [48]. The search results are consistent with the SM hypothesis and the
following 95% CL limits are set: σ(qg → t) · B(t → Wb) < 3.9 pb and B(t → ug) <
5.7 · 10−5, B(t → cg) < 2.7 · 10−4.

5. – Summary

The knowledge of top-physics is extended by new and more precise results obtained
at ATLAS with the data collected in 2011 at 7 TeV centre-of-mass energy. The results
obtained to date are consistent with the SM predictions. It is expected that more data
than in 2011 will be collected at 8 TeV center of mass collisions during 2012, hence
statistical uncertainty of top quark measurements will be reduced. The systematics
uncertainty due to the jet energy scale and generator modeling which are dominant
uncertainty sources in many measurements will also be reduced. The latter is expected
to decrease notably due to generator tuning and comparisons to the LHC data (e.g. [49]).
ATLAS will therefore continue to play a key role in top physics efforts.
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Summary. — A measurement of the mass of the W boson, MW , is presented using
2.2 fb−1 of the data from pp collisions at

√
s = 1.96 TeV collected with the CDF II

detector at the Fermilab Tevatron. The mass is determined by fitting simulated
signal and background distributions to 470126 W candidates decaying to eνe and
624708 decaying to μνμ. The result is MW = 80387±19 MeV and is the most precise
determination of the mass to date.

PACS 14.70.Fm – W bosons.
PACS 12.15.Ji – Applications of electroweak models to specific processes.
PACS 13.38.Be – Decays of W bosons.

1. – Introduction

The mass of the W boson (MW ) is an important parameter of the standard model
(SM). Precise measurements of MW and of the top quark mass (mt) significantly con-
strain the mass of the, as yet, unobserved Higgs boson. Prior to the measurement pre-
sented here, the world average of MW = 80.399±0.023 GeV(1) and mt = 173.2±0.9 GeV,
yielded a limit on the SM Higgs boson mass of MH < 161 GeV at 95% confidence level
(CL).

The previous measurement of MW by the CDF Collaboration was determined to be
MW = 80.413± 0.048 GeV [1] from 200 pb−1 of data while a recent measurement by the
DØ Collaboration from 1 fb−1 of data gave MW = 80.401±0.043 GeV [2]. Presented here
is the most recent measurement made by CDF, utilizing data corresponding to 2.2 fb−1

of integrated luminosity.

2. – Analysis strategy

At the Tevatron, W bosons are primarily produced in qq̄ annihilation, qq̄ → W + X,
where X can include QCD radiation that results in measurable hadronic recoil in events.

(1) We use units where c = 1 throughout.

c© Società Italiana di Fisica 279
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W → lνl decays, where l = e or μ, are selected with high purity by the CDF detector and
used to measure MW . As the longitudinal momentum of the neutrino is not measured, we
use transverse(2) components of charged lepton momentum (pl

T ), neutrino momentum
(pν

T ) and the transverse mass,

(1) mT =
√

2pT (l)pT (ν)[1 − cos(φl − φν)],

which depend only on measurable quantities of the W decay, to measure MW . A Monte
Carlo simulation is used to predict the shape of these distributions as a function of MW .
A binned maximum-likelihood fit of these predictions to the data is used to determine
the W boson mass.

These line-shape predictions depend on the kinematic distributions of the W decay
products and detector effects, which are constrained from control samples and theoretical
calculations. The kinematic distributions are determined by several effects including
internal QED radiation, the intrinsic W boson transverse momentum, and the proton
parton distribution functions (PDFs). Detector effects include external bremsstrahlung
and ionisation energy loss in the detector material, tracker momentum scale, calorimeter
energy scale, resolutions of the tracker and calorimeter, and the detector acceptance. A
sophisticated, fast simulation has been developed that enables a study of these effects at
a level below 1 part in 104.

3. – Event generation and simulation

W boson events are generated with the resbos Monte Carlo [3], which captures the
relevant QCD physics and models the W pT spectrum. QED processes, including final-
state photon radiation, are simulated using photos [4], and are cross-checked against
horace [5].

Non-perturbative physics, which are described by parameters that must be deter-
mined from experimental data, affect the shape of the W boson pT . We determine these
parameters from a fit to the dilepton spectra of Z → ee and Z → μμ candidate events.

Parton distribution functions (PDFs) affect the W boson mass measurement through
their effects on the kinematics of the decay charged lepton and because the measurement
only uses charged leptons in a restricted rapidity range. The uncertainty arising from
the PDFs is evaluated using the 68% CL MSTW2008 [6] error set. This is cross-checked
by comparing the 90% CL CTEQ6.6 [7] error set with the 90% CL MSTW2008 error set.

The tracker and calorimeter response and the electron and muon acceptance are sim-
ulated using a parameterized fast detector simulation. Tracks in the CDF drift chamber
associated with electrons and muons are simulated at the hit level. Electrons and muons
are propagated along a helical trajectory from the production point, stepping through
the layers of passive material, whose effects are simulated. The most relevant processes
are ionisation energy loss for muons, bremsstrahlung (e → eγ) for electrons, and con-
version (γ → e+e−) for photons. Multiple Coulomb scattering is simulated in order to
incorporate its effect on track resolution.

(2) CDF uses a cylindrical coordinate system with the z axis along the proton beam axis.
Pseudorapidity is η ≡ − ln(tan(θ/2)), where θ is the polar angle, and φ is the azimuthal angle
relative to the proton beam direction, while pT = |p| sin(θ), ET = E sin(θ).
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Fig. 1. – The fractional momentum correction for data as a function of the mean inverse mo-
mentum of muons from J/ψ, Υ(1S), and Z boson data.

The deposition of electromagnetic energy in the calorimeter for leptons and photons is
simulated using parameterizations for the energy scale and resolution; energy loss in the
solenoidal coil and due to longitudinal leakage; and non-linear response. The parameters
for the scale and resolution, and the non-linearity, are fit from the data.

4. – Event selection

The event selection criteria for the W boson mass measurement are optimized to
produce a sample with low background and which can be accurately modeled. W and
Z boson candidates are selected by requiring the charged leptons have pT greater than
30 GeV. Muon candidates are required to have hits in the muon detectors and electron
candidates must have an E/p value of less than 1.6. Additionally two leptons of the
same flavor and opposite charge as well as the mass of the dilepton system to be in the
range 66 < mll < 116 GeV are required for Z candidates. For W boson candidates,
the recoil energy in the calorimeter is required to be less than 15 GeV, E/T > 30 GeV
and 60 < mT < 100 GeV. These selection criteria are applied to data collected between
February 2002 and September 2007. The data correspond to an integrated luminosity of
2.2 fb−1. The selection criteria yield 470126 W → eν candidates and 624708 W → μν
candidates.

5. – Momentum scale calibration

The high-statistics J/ψ → μμ and Υ(1S) → μμ quarkonia decays, along with the
Z → μμ sample, are used to set the momentum scale. The momentum scale is extracted
from a binned maximum-likelihood fit of the data to simulated invariant-mass templates
generated using the world average values.

The J/ψ sample has the advantage that its cross section is sufficiently large to enable
a study of the momentum scale as a function of other variables. The Υ(1S) resonance
has an invariant mass three times larger than the J/ψ, and supplies an intermediate
reference point to study the momentum dependence of the momentum scale. The Υ
hadrons also have the advantage that they are all produced promptly, allowing a study
of the momentum scale using tracks that are beam-constrained in the same way as the
tracks in the W and Z samples. The consistency of the momentum correction obtained
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Fig. 2. – The E/p distribution of the W → eν data (points) used to determine the calorimeter
energy scale (left) and to scale the radiative material in the simulation (right). The arrows
indicate the fitting range used for the electron energy calibration.

from fits to J/ψ and Υ data can be seen in fig. 1. The combined momentum scale
obtained from the J/ψ and Υ samples is applied to the W and Z samples.

The Z → μμ mass fit is shown in fig. 3 (left), along with the statistical uncertainty
and fit χ2. A value of mZ = 91180± 12stat ± 10syst MeV is obtained, consistent with the
world average value of mZ = 91188 ± 2 MeV [8]. The final momentum scale applied to
the W boson data is obtained from combining the J/ψ, Υ, and Z measurements.

The tracking resolution is parameterized in the simulation by the tracking chamber
hit resolution σh = 150 ± 3 μm and the beamspot size σb = 35 ± 3 μm, which affects
track resolution through the beam-constraint in the track fit. We fix σh with the non-
beam-constrained Υ(1S) mass distribution and σb with the beam-constrained Z mass
distribution.

6. – Energy scale calibration

The electron cluster is simulated by merging energies of the primary electron and
proximate bremsstrahlung photons and conversion electrons. The distribution of electron
and photon energy loss in the solenoid coil and leakage into the hadronic calorimeter are
determined using geant.

The electromagnetic calorimeter energy scale is set using the peak of the E/p electron
distribution from W → eν events (fig. 2, left) and Z → ee events. The electromagnetic
calorimeter non-linearity is determined from E/p fits as a function of transverse energy
from the W → eν and Z → ee samples. The tail of the E/p distribution is used to
tune the absolute number of radiation lengths in the tracker material, as shown in fig. 2
(right).

The electromagnetic calorimeter resolution is parameterized as

(2) σE/E = 12.6%/
√

ET ⊕ κ,

where κ is the non-stochastic term in the resolution. Two κs are defined. The first, κe,
defines the smearing of the primary high-ET electron and is tuned from the peak region
of the E/p distribution. The second, κγ , smears the energy contribution of each of
the secondary electromagnetic particles: the bremsstrahlung photons and the conversion
electrons. κγ is tuned on the width of the Z → ee distribution selected using high E/p
(E/p > 1.06) electrons.
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Fig. 3. – The maximum-likelihood fit to the Z → μμ (left) and Z → ee (right) mass peaks, with
the fitted mass values. The data (points) are shown along with the best-fit simulation template
(histogram). The arrows indicate the fitting range.

The Z → ee mass is fitted to cross-check the energy scale and the non-linearity (fig. 3,
right). A value of mZ = 91230±30stat±14syst MeV is obtained, consistent with the world
average. Thus, the measurements from E/p and the Z → ee mass are combined to obtain
the final energy scale, applied to W → eν data.

7. – Recoil calibration

All particles recoiling against the W or Z boson are collectively referred to as the
recoil. The recoil vector u is defined as the vector sum of transverse energy over all
electromagnetic and hadronic calorimeter towers in the detector range |η| < 2.4. The
calorimeter towers associated with the leptons are explicitly removed from the recoil
calculation. A combination of minimum bias data and Z → ll data is used to model
the behavior of the hadronic recoil, and W → lν data is used to cross-check the data
corrections and the simulation.

The response of the calorimeter to the hadronic recoil is described by a response
function, R, which scales the true recoil magnitude to simulate the measured magnitude.

The recoil resolution is assumed to have two components, which are summed vectori-
ally: a “sampling” term representing the calorimeter “jet” resolution, and an underlying
event component from the spectator and additional pp̄ interactions.

Z → μμ and Z → ee events are used to tune the recoil response and resolution
parameters. The η axis is defined to be the geometric bisector of the two leptons and the
ξ axis to be perpendicular to η. We project the vector pT -balance onto the η and ξ axes
and compare the data distribution to the simulation. Figure 4 shows the mean (left) and
RMS (right) of the pT -balancing in Z → ee events as a function of Z boson pT .

8. – Backgrounds

Backgrounds passing the event selection cuts have different kinematic distributions
from the W signal, and are therefore included in the template fits. The backgrounds
to the W → μν and W → eν samples come from hadronic jet production, decays in
flight, Z production, W → τν decays, and cosmic rays. The background rates and
kinematics are determined using a combination of Monte-Carlo–based and data-based
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Fig. 4. – Mean value (left) and RMS (right) of the scaled pT -balance projected onto the η axis
as a function of pT (ll) for Z → ee.

methods. Background fractions for the muon (electron) datasets are evaluated to be
7.35% (0.14%) from Z decays, 0.88% (0.93%) from W → τν decays, 0.04% (0.39%) from
hadronic jets, 0.24% from DIF, and 0.02% from cosmic rays.

9. – Results and conclusions

The W boson mass is measured by performing a binned maximum-likelihood fit to
the lepton pT , neutrino pT , and mT distributions for each lepton channel. 1600 signal
templates for MW are generated between 80 GeV and 81 GeV and background templates
are added with the shapes and normalisations described in sect. 8. The final fit values
were hidden during analysis by adding an unknown offset in the range [−75,75] MeV.
The results of the fits to the mT (fig. 5), pl

T , and pν
T kinematic distributions for both the

electron and muon channels are summarized in table I.
Fits of simulated data to Monte Carlo templates have been performed to measure

the statistical correlation between the fits to the mT , pl
T and pν

T distributions. The final
results are combined, taking these correlations into account, using the BLUE [9] method.
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Fig. 5. – The W transverse mass fits for the electron (left) and muon (right) channels. The data
(points) are shown along with the best-fit simulation template (red histogram). The background
contributions to the template, including Z → ll (magenta histogram) and hadronic jets (cyan
histogram), are overlaid. The arrows indicate the fitting range.



PRECISION MEASUREMENT OF THE W BOSON MASS AT CDF 285

Table I. – Fit results and uncertainties for MW . The fit windows are 65–90 GeV for the mT fit
and 32–48 GeV for the p�

T and pν
T fits. The χ2 of the fit is computed using the expected statistical

errors on the data points.

Distribution W -boson mass (MeV) χ2/dof

mT (e, ν) 80 408 ± 19stat ± 18syst 52/48

p�
T (e) 80 393 ± 21stat ± 19syst 60/62

pν
T (e) 80 431 ± 25stat ± 22syst 71/62

mT (μ, ν) 80 379 ± 16stat ± 16syst 58/48

p�
T (μ) 80 348 ± 18stat ± 18syst 54/62

pν
T (μ) 80 406 ± 22stat ± 20syst 79/62

Table II. – Uncertainties for the final combined result on MW .

Source Uncertainty (MeV)

Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton removal 2

Backgrounds 3

pT (W ) model 5

Parton distributions 10

QED radiation 4

W boson statistics 12

Total 19

Combining all six fits, we obtain a result of

(3) MW = 80 387 ± 12stat ± 15syst MeV,

or MW = 80 387 ± 19 MeV. The systematic uncertainties for the combined result are
shown in table II. In combination with previous measurements from LEP and the Teva-
tron, the updated world-average W boson mass is MW = 80 390±16 MeV. This updated
world average impacts the global electroweak fits resulting in a revised upper bound on
the Higgs boson mass of MH < 145 GeV at 95% CL.
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Summary. — We report on recent searches for a low-mass Higgs boson at the
Tevatron pp̄ collider. Sensitivity to a Higgs boson with a mass less than ∼ 135 GeV
arises dominantly from the production of a Higgs boson decaying to bb̄, in association
with a W or Z boson decaying leptonically. However additional sensitivity is gained
by searching in other final states such as diphotons, or final states with τ leptons.
Both the CDF and D0 collaborations have conducted searches in up to 10 fb−1 of
pp̄ collisions collected at

√
s = 1.96 TeV. The results from the two experiments are

combined to set 95% confidence level limits on the Higgs production cross section.
At a Higgs mass of 115GeV, the observed (expected) limit is 1.17 (1.16) times the
standard model cross section.

PACS 14.80.Bn – Standard-model Higgs bosons.
PACS 13.85.Rm – Limits on production of particles.

1. – Introduction

One of the most important unresolved problems in particle physics is the nature
of electroweak symmetry breaking. The standard model (SM) addresses this problem
through the Higgs mechanism. In addition to generating masses for the W and Z boson,
this mechanism produces a heavy spin-0 particle: the Higgs boson (H).

Precision electroweak data, including the latest W boson mass measurements from
CDF [1] and D0 [2], constrain the mass of a SM Higgs boson to MH < 152 GeV [3] at
95% CL. Searches at the CERN LEP e+e− collider have excluded a SM Higgs boson
with MH < 114 GeV [4]. Previous searches at the Fermilab Tevatron pp̄ collider [5] and
by the CMS and ATLAS collaborations at the LHC using pp collisions have restricted
the allowed range of MH to 117–127 GeV [6,7].

For MH � 135 GeV, the decay H → bb̄ dominates, and observation of this decay
mode will be critical to the interpretation of any potential signal. At the Tevatron,
Higgs bosons are produced primarily by gluon fusion through a top-quark loop: gg → H.
The large multijet background makes searches for gg → H → bb̄ impractical. Instead,
searches for H → bb̄ are focused on the associated production modes, in which the Higgs
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boson is produced with a W or Z boson that decays leptonically. The sensitivity of the
Tevatron pp̄ collider to the H → bb̄ mode complements searches at the LHC pp collider,
where the sensitivity to a Higgs boson is driven by the γγ, ZZ and WW decay modes.

Although the Tevatron reach is driven by the associated production modes, we adopt
a strategy of searching for a Higgs signal in many different final states. Here, we also
discuss searches for gg → H → γγ; and for final states involving τ leptons that are
sensitive to gluon fusion production, associated production, and vector boson fusion
production: qq̄ → W (Z)qW (Z)q̄ → Hqq̄. Moreover, searches that are traditionally used
for MH � 135 GeV also contribute significant sensitivity in the low mass region, and are
discussed elsewhere in these proceedings [8].

2. – Searches for H → bb̄

In the narrow range of MH that has not yet been excluded, sensitivity to a Higgs
boson at the Tevatron is dominated by the searches for WH and ZH production in
which the Higgs boson decays to bb̄, and the W or Z decays leptonically. Both CDF and
D0 have conducted searches in the resulting ννbb̄ [9, 10], �νbb̄ [11, 12], and ��bb̄ [13, 14]
final states, using integrated luminosities from 7.5–8.6 fb−1.

2.1. Event selection. – Both experiments select events with two electrons or two muons;
exactly one electron or muon; or no charged leptons. Neutrinos are inferred through the
presence of an imbalance of the total transverse momentum in the event (/ET). Events
are also required to contain a Higgs boson candidate, consisting of two high-energy jets.

The backgrounds to these searches include the production of W or Z boson with jets,
and tt̄ and diboson (WW , WZ and ZZ) production. These backgrounds are estimated
with Monte Carlo (MC) simulations. There is also a contribution from multijet events
with non-prompt muons, or with jets that are misidentified as electrons. Such events can
have a large apparent /ET from the mismeasurement of jet energies. This background is
estimated from control samples in the data. In the ννbb̄ searches, multivariate discrimi-
nants provide a powerful tool to reduce the initially overwhelming multijet background.

At least one of the jets in the selected events must be identified as likely to originate
from a b-quark (b-tagged). CDF uses two algorithms, one based on the reconstruction
of displaced decay vertices within the jet, and one that uses high impact parameter
tracks associated with the jet. D0 combines this information into a single neural network
discriminant. The b-tagging efficiency for b-jets is typically 50–70%, whereas the the
misidentfication rate for light jets is 0.5–5%, depending on the precise criterion applied.
To maximize sensitivity, both experiments consider events with exactly one tagged jet,
or with at least two tagged jets in independent samples.

2.2. Statistical analysis. – After the final event selection, both experiments employ
multivariate discriminants, based on neural networks or boosted decision trees, to sepa-
rate the Higgs signal from the remaining backgrounds. Example distributions of the final
discriminants from the D0 ννbb̄ and CDF �νbb̄ searches are shown in fig. 1. We obtain
limits on the Higgs production cross section using a Bayesian technique [15].

The calculation compares the predicted background-only and signal-plus-background
distributions of the multivariate discriminants to the corresponding distributions in the
data. This is accomplished through the construction of a Poisson likelihood function in
which the signal prediction is multiplied by an arbitrary scale factor, R; and both the
signal and background predictions are functions of nuisance parameters with Gaussian
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Fig. 1. – Distributions of the final discriminants in events with two b-tagged jets from (a) the
D0 ZH → ννbb̄ analysis, and (b) the CDF WH → �νbb̄ analysis.

distributions that account for systematic uncertainties. We integrate the likelihood func-
tion over the nuisance parameters, resulting in a one-dimensional function of R. The
value of R that corresponds to 95% of the area of this distribution is the 95% CL upper
limit on R. We check this calculation with a modified frequentist technique (CLS) [16,17]
that is found to yield consistent results.

2.3. Results. – Figure 2 shows the limits for WH/ZH production, with H → bb̄
as a ratio to the predicted SM rate. These searches exclude a SM Higgs boson with
100 < MH < 108 GeV. For MH = 115 GeV, the observed (expected) limit is a factor of
1.18 (1.26) greater than the SM prediction. To validate the analysis techniques, we have
also searched for diboson production in which one weak boson decays leptonically, and
one hadronically, yielding cross section times branching ratio measurements that are in
agreement with the SM. This test is discussed elsewhere in these proceedings [18].

3. – Searches in final states with τ leptons

Searches in final states with τ leptons are sensitive to gg → H as well as the asso-
ciated and vector boson fusion production mechanisms. In the associated production
mechanism, the τ lepton can originate from either the Higgs boson decay or from the
decay of a W or Z boson. Because of the diversity of signal production modes, searches
in this final state offer a sensitivity that depends only weakly on the mass of the Higgs
boson.

D0 has conducted a search using a data set of 7.0 fb−1 in a final state with a muon
and two hadronically decaying τ leptons [20]. This result is reported here for the first
time. Because of the presence of a third lepton, this analysis is primarily sensitive to
the associated production mechanisms. Selected events are categorized according to
the number of jets present in the event, to take advantage of the different signal-to-
background ratios for different jet multiplicities. The final discriminant used to extract
results is HT , the scalar sum of the /ET and the transverse momenta of the leptons and
jets, shown for zero-jet events in fig. 3a. For MH = 115 GeV, the limit on the cross section
is 11 times the SM prediction, with an expected limit equal to 14 times the SM prediction.
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The CDF ττ+jets analysis [21] is divided into two independent samples: the eμ sample
which contains events with one electron and one muon; and the e/μ + τ sample, which
contains events with one electron or muon and a hadronically decaying τ . Selected events
in each sample must also contain at least one jet, and are further categorized according
to jet mutliplicity.

Support vector machines (SVMs) are used as final discriminants to search for a signal.
An independently trained SVM is used for each subsample. Figure 3b displays the
resulting distribution for the e/μ + 2 jet sample. For MH = 115 GeV, CDF observes a
limit of 12 times the predicted SM rate, and expects a limit of 13 times the SM rate.

4. – Searches for H → γγ production

Both D0 [22] and CDF [23] search for a Higgs boson decaying to the diphoton final
state. Both have been updated to use the full Tevatron dataset since the most recent
Tevatron combined Higgs search [19], and have achieved improvements in sensitivity of
15–25% beyond the expectation from the additional data.

The D0 search uses a Monte Carlo simulation to estimate the background from
Z/γ∗ → e+e−, in which electrons are misidentified as photons. Other backgrounds
include direct production of diphoton events as well as photon plus jet and dijet events,
in which one or more jets is misidentified as a photon. These backgrounds are esti-
mated from control samples in the data. D0 then uses boosted decision trees (BDTs)
to search for the presence of a Higgs boson. The BDT distribution for MH = 120 GeV
is shown in fig. 4a. The observed upper limit on the cross section times branching ratio
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at MH = 115 GeV is a factor of 8.4 larger than the SM prediction, with an expected
sensitivity of 12 times the SM prediction.

The CDF analysis extends the selection of two photons to include events in the for-
ward calorimeter. A specialized reconstruction is used to identify photons that have
converted to e+e− pairs. The diphoton mass spectrum, shown in fig. 4b is used as the fi-
nal discriminant. The background is estimated using a sideband fit. For MH = 115 GeV,
the observed upper limit on the cross section times branching ratio is a factor of 11 larger
than the SM prediction, with an expected sensitivity of 13 times the SM prediction.
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5. – Combined Higgs search results

For a wide range of MH there is no single search channel that is sensitive to the
presence of a SM Higgs boson. Therefore the CDF and D0 collaborations have combined
the results of all SM Higgs searches conducted at the Tevatron [19], although several
of the searches presented here were not included in this combination. Figure 5 shows
the expected and observed limits as a function of MH , expressed as ratio to the rate
predicted by the SM. For MH = 115 GeV, the observed (expected) limit is 1.17 (1.16)
times the SM rate.

6. – Summary

In the summer of 2011, the CDF and D0 collaborations released a combined search
for the Higgs boson that approaches sensitivity to the SM prediction across the entire
range of allowed masses. At MH = 115 GeV, the observed (expected) limit is a factor of
1.17 (1.16) larger than the SM expectation. The combination of the Tevatron H → bb̄
searches results in an observed (expected) limit on Higgs boson production is a factor
of 1.18 (1.26) larger than the SM prediction. The Tevatron sensitivity in this primary
decay mode complements the LHC sensitivity in other decay modes, and will provide
important insights into the nature of electroweak symmetry breaking.

∗ ∗ ∗
The author would like to thank the organizers for a stimulating conference with many

interesting presentations.
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Summary. — Results for the Tevatron search for the Higgs boson decaying to W
boson pairs in proton antiproton collisions at

√
s = 1960GeV/c2 are presented. The

CDF results are based on the entire Tevatron Run II dataset having an integrated
luminosity of 9.7 fb−1. The CDF results exclude a Standard Model Higgs at 95%
confidence level for a Higgs mass MH in the range 148 ≤ MH ≤ 173GeV/c2 with
an expected sensitivity of 153 ≤ MH ≤ 177GeV/c2, comparable to the previous
Tevatron combined sample from July 2011.

PACS 14.80.Bn – Standard-model Higgs bosons.

1. – Introduction

The Tevatron experiments have enjoyed an annual doubling of the integrated lumi-
nosity delivered and recorded until the programme ended on September 30, 2011 after
nearly 26 years of operation. This has led to an avalanche of new results in the area
of electroweak symmetry breaking and in particular in direct searches for the source of
electroweak symmetry breaking in the standard model [1], the Higgs Boson [2]. The
physics reach of the Tevatron is built on a mountain of measurements that confirm the
ability of the Tevatron collaborations to use the detectors to find new particles. Each
measurement is of itself a significant result. Measurements begin with the largest cross
section processes, those of B physics, but move on to processes with small branching
ratios and backgrounds that are hard to distinguish from the signal. The measurement
of Bs oscillations [3] demonstrates the performance of the silicon tracking and vertex-
ing. Discovery of single-top production [4], WZ production [5], and evidence for the ZZ
production [6] in leptonic, neutrino hadronic modes [7] provide the final base camp from
which the Higgs summit is in sight. Multivariate techniques in the Higgs analysis are at
the heart of what is required to reach sensitivity to the Higgs. Processes such as single
top and ZZ act as important messengers heralding the impending arrival of the Higgs.
This journey through lower and lower cross section processes represents our approach to
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provide convincing evidence of these processes, first as discovery then as measurements
that constrain the Standard Model.

2. – Direct searches for the Standard Model Higgs

The Higgs searches at the Tevatron are separated into “high”- and “low”-mass chan-
nels. The high-mass channel is characterized by the decay mode H0 → W+W− whereas
the low-mass channels focus on decays to b quark-antiquark pairs or tau pairs.

There are four main production mechanisms for the Standard Model Higgs at the
Tevatron: gluon fusion, gg → H0, associated production or “Higgsstrahlung”, qq̄ →
(W±/Z0)H0, and vector boson fusion (VBF), qq̄ → W (Z)q′W (Z)q̄′ → H0q′q̄′. In
all cases the high-mass Higgs search uses the decay modes into charged leptons and
neutrinos: H0 → W+W− → �+�−ν̄�+ν�−. The charged leptons � may be electrons,
muons or taus. In the case of taus current searches include the τ decay channels τ− →
e−ν̄e or τ− → μ−ν̄μ and charge conjugate channels. Hadronic decays of the τ from one
W where the other W decays to an electron or muon are also studied and new results
on trilepton analysis where two of the leptons are electrons or muons and the third is a
tau is reported here for the first time. Channels with four leptons include the “golden
channel” of H0 → Z0Z0 → �+�−�+�− as well as Z0H0 → W+W− → �+�−�+�−ν̄�+ν�−.

The search for the decay of Higgs to W boson pairs which decay to leptons has
sensitivity that is comparable to any of the low mass modes down to a Higgs mass of about
Mh = 120 to 130 GeV/c2 and reach above 170 GeV/c2 with the best sensitivity around
Mh = 2Mw, where Mw is the W boson mass. The high-mass mode is characterized by
two high-transverse-momentum oppositely charged leptons which have a spin correlation
that leads to angular correlations between the charged leptons that distinguish it from
other Standard Model modes of charged-dilepton production. Requiring that the charged
leptons be isolated removes the large number of charged dileptons from B decays as
evidenced by the fact that the kinematics of the remaining dilepton events are well
described by the Drell-Yan predictions. Drell-Yan production is the dominant source
of oppositely charged lepton pairs at the Tevatron. These leptons tend to have an
azimuthal separation of 180 degrees and these events are easily distinguished from Higgs
events because they have no missing transverse energy. Once a transverse energy cut is
applied, the background composition depends on the number of jets and the invariant
mass of the leptons, M��. A majority of events are examined with the requirement that
M�� > 16(15) GeV/c2 CDF (D0). Events with 0 jets are dominated by WW background
while those with 1 jet have a background consisting of a mixture of Drell Yan and WW .
Events with two more jets sample are dominated by top quarks. The analysis is divided
into distinct samples by the number of jets. D0 also divides the samples further by
dilepton type: e+e−, μ+μ− and τ+τ−. CDF also does an analysis of M�� < 16 GeV/c2

where the dominant background is Wγ production. The charged leptons in the WW
background tend not to have the strong azimuthal correlation offered by the Higgs decay.
In CDF care was taken in defining the lepton isolation such that a second lepton candidate
within the lepton isolation cone was removed in determining the isolation energy. Other
differences in kinematic variables between the background and signal are exploited by
using the multivariate techniques described in the next section. Results for the high
mass Higgs are shown for the D0 analysis in fig. 1 for H0 → W+W− → μ−e+ν̄μνe and
complex conjugate modes.
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Fig. 1. – The invariant mass of isolated dileptons (left), the /ET spectrum of isolated leptons
(center) and the cosine of the angle between dileptons after cuts for input to the discriminant
analysis for the D0 experiment.

3. – Multivariate techniques

The major multivariate techniques in use are the Boosted Decision Trees (BDT) (used
by D0 and CDF) and the Matrix Element (ME) and the Neural Net (NN) used by CDF.
These are compared and contrasted here.

In CDF the ME method employs leading-order computations of the matrix elements
for the signals and backgrounds. The inputs are the measured four-vectors of the leptons
and jets and the x- and y-components of the missing transverse energy. The probabil-
ity that these values represent each physics process is computed by integrating over the
matrix element while convoluting the matrix element quantities with a transfer func-
tion that converts them to values that are observable. This transfer function represents
the detector resolution and may include initial state radiation effects. A likelihood dis-
criminator is formed by taking the ratio of the probability that the observed quantities
represent the signal, divided by the total probability that the event is signal plus the
probabilities that the event is background. The background probabilities are weighted
according to their relative abundances. The computation of these probabilities is carried
out on a set of simulated background and signal events. The distribution of the ME
computation for each background and the signal is used to form a template.

At this point the analysis proceeds as for any cut analysis, with the likelihood
ratio being used in place of a kinematic quantity such as the angular separation of
the charged leptons. The data distribution is computed and the data are fitted to the
templates with the signal normalization allowed to vary freely and the background
normalizations constrained within the estimated systematic uncertainties. The prob-
ability that the background represents the data compared to the probability that the
background plus the signal represents the data is evaluated by performing a number of
pseudoexperiments on the background alone to represent the statistical accuracy of the
data in the absence of a signal, and the distribution of the cross sections is formed. This
distribution is compared to the fit result for the actual data and the probability that
the data are consistent with background is computed by determining the number of
pseudoexperiments that have a value less than or equal to that observed. If the data lie
within 95% of the experiments performed, a limit is set. If the data exceed expectations
then a cross section can be determined.

The NN approach contains similar elements to that of the ME. First there is a matrix
element computation performed in both followed by a conversion of values from the ideal
four vectors to the observed quantities. These values are sampled over some region of
phase space. In the case of the ME, the phase space is spanned using a program that
performs a numerical integral over that space whereas in the NN, simulated events that
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are meant to span a sufficient portion of the phase space are generated and the mini-
mization of the NN determines the overall response. Each has limitations in numerical
methods of the integration and in the representation of the response of the detector.

The two approaches also contain complementary characteristics. While the four vec-
tors that are input to the ME are easy to identify, the functional form that characterizes
the physics is not obvious. This becomes important in understanding how to determine
the systematic uncertainties. For example, the Higgs to WW decay mode must depend
on the angle of the leptons and hence it is important to determine how well the detector
measures these angles. For the NN it is less obvious what values to choose and one
must make a guess at what will be the important variables. Simply giving the same four
vectors that were input to the ME may fail to work well if the statistics for populating
the phase space is poor and variables that are not helpful in discriminating are examined
by the NN. However, the most sensitive variables can be determined and the system-
atic uncertainties are evaluated by a straightforward variation of the most important
discriminator and examination of the change of the output distribution.

The differences in the approaches can be exploited to help determine the quantities
that are important in the ME computation while at the same time providing evidence that
the quantities needed in the NN computation have been included. This is accomplished by
including the ME computation as input to the NN. If this shows significant improvement,
then important values have been missed in the NN inputs. If there is little change,
then values can be removed from the input list of the NN until a change is noticed,
or conversely, they can be added one at a time. This shows which quantities are most
important in the ME.

D0 uses two separate BDT trainings. The BDT operates by optimizing a set of cuts
and determining the best to be used. One of the D0 BDTs is used to eliminate the
Drell-Yan (DY) background and the second is used on the remaining sample to separate
the surviving background from the Higgs.

3.1. Control regions. – Control regions play an important role in the quantitative
computation of backgrounds and their systematic uncertainties and in determining that
the lepton identification is properly done. For example in the H0 → W+W− →
(e)μ−τ+ν̄(e)μντ where the τ decays hadronically, requiring the invariant mass of the
τ and (e)μ to be larger than 20 GeV/c2, /ET < 20 GeV/c2 and the azimuthal separation
of the (e)μ and the missing transverse energy to be less than 0.5 leads to a very pure
sample of Z → τ+τ− decays in which the tau properties may be examined and system-
atic uncertainties in the difference between the simulation and data can be determined.
Another important example is in the CDF analysis using M�� < 16 GeV/c2. Here two
control regions are defined to determine the main background, Wγ and the Drell-Yan
production. The Wγ events arise from a lepton from the W and a conversion electron
from the γ. By choosing a sample of events selected identically to those for the Higgs
analysis except for requiring the signs of the leptons to be the same. MadGraph [8] is
used and it is found to agree with the data within statistics. The other control region is
a sideband region in /ET with 15 < /ET < 25 GeV.

3.2. Channels with smaller contributions. – Associated production with H0 →
W+W− leads to events with two charged leptons having the same sign, or to trilepton
events. While the yields of these are much lower than of gluon fusion, the background
compositions are very different: there is very little background. These channels are im-
portant to study because if an excess begins to emerge in one of the channels with larger



TEVATRON RESULTS ON THE SM HIGGS SEARCH IN THE HIGH-MASS REGION 301

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

05

0

50

100

150

200

250

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

05

0

50

100

150

200

250
Wj
W

tt
WZ
ZZ
DY
WW

 10HWW 
Data

NN Output

CDF Run II Preliminary

OS 0 Jets, High S/B
2 = 165 GeV/cHM

-1 L = 9.7 fb

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

05

0

20

40

60

80

100

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

05

0

20

40

60

80

100 Wj
W

tt
WZ
ZZ
DY
WW

 10HWW 
Data

NN Output

CDF Run II Preliminary

OS 1 Jet, High S/B
2 = 165 GeV/cHM

-1 L = 9.7 fb

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

05

0

10

20

30

40

50

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
ts

 / 
0.

05

0

10

20

30

40

50
Wj
W

tt
WZ
ZZ
DY
WW

 10HWW 
Data

NN Output

CDF Run II Preliminary

OS 2+ Jets
2 = 165 GeV/cHM

-1 L = 9.7 fb

NN Score
-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8 1.0

E
nt

rie
s

0

10

20

30

40

50

60

70

80

90

NN Score
-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8 1.0

E
nt

rie
s

0

10

20

30

40

50

60

70

80

90 -1
  L=9.7fb

CDF Run II Preliminary
=165Hm

WW
WZ
ZZ
tt

DY
W

W+jet

H
Higgsx 5

NN ScoreHWW
0.75 0.80 0.85 0.90 0.95 1.00

E
nt

rie
s

0
1
2
3
4
5
6
7
8

NN ScoreHWW
0.75 0.80 0.85 0.90 0.95 1.00

E
nt

rie
s

0
1
2
3
4
5
6
7
8

Fig. 2. – The Neural Net score distribution for opposite-sign dileptons in the 0, 1 and 2 jet for
M�� > 16 GeV/c2 and M�� < 16GeV/c2 channels.

signal but also more background, these channels confirm the observation with a small
number of events where very little background is expected and since the main background
to these analyses is WZ production, it is a different background.

3.3. Results. – Representative results for the neural net analysis are shown in fig. 2
before the fit is performed. The data having low neural net score values provide a
strong control over the background and its dynamics as reflected in the neural net. The
contribution of a Higgs signal is fit simultaneously with variation of the backgrounds
within their uncertainties but as constrained by the NN distribution. It is also noteworthy
that for MH = 165 GeV/c2 CDF expect of order 70 Standard Model Higgs events in the
full data sample. Results for the trilepton searches are illustrated in fig. 3 for ZH,
Z → l+l−, H → W+W− → l±qq̄′ and in WH, where one of the leptons may be a tau
decaying hadronically.
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Fig. 4. – 95% confidence limits on the Standard Model Higgs boson for various masses for CDF
for the 9.7 fb−1 analysis.

3.4. Limits. – As described in sect. 3 a fit to the cross section for a particle having the
dynamics of a Standard Model Higgs is performed on the NN or BDT distributions. The
CDF results using 9.7 fb−1 of integrated luminosity are shown in fig. 4, the D0 results
and the Tevatron combination from July 2011 may be found in [9]. The sensitivity to
the Standard Model Higgs cross section covers the range 153 ≤ MH ≤ 177 GeV/c2 with
an observed 95% exclusion probability in the range 148 ≤ MH ≤ 173 GeV/c2.

4. – Conclusions

This conference is held at a remarkable moment in the understanding of electroweak
symmetry breaking. Rapid changes in data collection and more sophisticated experimen-
tal technique are leading to a constantly changing picture. The Tevatron has delivered
more than 8 fb−1 and has recently improved its luminosity by another 20%. Evidence
and discovery of channels in WZ, ZZ and single top, the messengers of the Higgs, have
now been observed. Of particular note is the observation of the hadronic modes of the
W/Z in the WW and ZZ production. The strategy of “no channel too small” has been
successful, lending additional sensitivity and a different background composition. The
CDF results based on the full Tevatron dataset has sensitivity to the Standard Model
Higgs Boson in the range 153 ≤ MH ≤ 177 GeV/c2 with an observed 95% exclusion
probability in the range 148 ≤ MH ≤ 173 GeV/c2.

∗ ∗ ∗
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Summary. — A search for the Standard Model Higgs boson has been performed
with the ATLAS experiment at the LHC using data corresponding to integrated
luminosities from 1.04 fb−1 to 4.9 fb−1 of pp collisions collected at

√
s = 7 TeV

in 2011. The Higgs boson mass ranges 112.9–115.5 GeV, 131–238 GeV and 251–
466 GeV are excluded at the 95% confidence level, while the range 124–519 GeV is
expected to be excluded in the absence of a signal. An excess of events is observed
around the mass of 126GeV with a local significance of 3.5 standard deviations.
The global probability for the background to produce such a fluctuation anywhere
in the explored Higgs boson mass range 110–600 GeV is estimated to be ∼ 1.4%, or
2.2 standard deviations from the background-only hypothesis.

PACS 14.80.Bn – Standard-model Higgs bosons.

1. – Introduction

The discovery of the Standard Model (SM) Higgs boson [1-3] is one of the primary
goals of the ATLAS experiment [4] at the Large Hadron Collider (LHC) [5], to understand
the mechanism of electroweak symmetry breaking and the origin of mass of elementary
particles. Direct searches at the CERN LEP e+e− collider excluded the production of
a SM Higgs boson with mass below 114.4 GeV at the 95% confidence level (CL) [6].
Searches at the Fermilab Tevatron pp̄ collider have excluded the production of a Higgs
boson with mass between 156 GeV and 177 GeV at the 95% CL [7].

In 2011, the ATLAS experiment collected and analysed data with an integrated lumi-
nosity up to 4.9 fb−1 fulfilling all the data quality requirements to search for the SM Higgs
boson. In this paper, the analysis and results of three different channels, H → γγ [8],
H → ZZ(∗) → �+�−�′+�′− [9], and H → WW (∗) → �+ν�′−ν̄ [10] are briefly summa-
rized. A combined search [11] is presented which includes also H → ZZ → �+�−νν̄ [12],
H → ZZ → �+�−qq̄ [13] and H → WW → �νqq̄′ [14] channels, covering a mass range of
110–600 GeV.

c© CERN on behalf of the ATLAS Collaboration under CC BY-NC 3.0 305
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Fig. 1. – Left: SM Higgs boson production cross section times branching ratio [15] for several
SM Higgs boson decay channels as a function of Higgs boson mass. Right: Invariant-mass
distribution [8] for the inclusive data sample, overlaid with the sum of the background-only fits
in different categories and the signal expectation for a mass hypothesis of 120 GeV corresponding
the the SM cross section. The figure below displays the residual of the data with respect to the
background-only fit sum.

2. – Analysis and results of specific channels

The products of production cross sections and decay branching ratios for several
SM Higgs channels are shown in fig. 1 (left). H → γγ is important in a low Higgs
mass range (mH < 150 GeV). Five other channels contribute to the entire mass range
considered. However due to the difficulty of suppressing the the main backgrounds, only
H → ZZ(∗) → �+�−�′+�′− and H → WW (∗) → �+ν�′−ν̄ are analysed down to a Higgs
mass of 110 GeV.

2.1. H → γγ channel . – The search for H → γγ [8] is performed for Higgs boson
masses between 110 and 150 GeV using 4.9 fb−1. The event selection requires two isolated,
high transverse momentum (pT ) photons with pT > 40 GeV and 25 GeV. Selected events
are separated into nine independent categories. This categorisation is based on the
direction of each photon and whether it was reconstructed as a converted or unconverted
photon, together with the momentum component of the diphoton system transverse to
the thrust axis defined by the diphoton system. The diphoton invariant mass mγγ is
used as a discriminating variable to separate signal from background, to take advantage
of the good mass resolution of approximately 1.4% for mH ∼ 120 GeV. The distribution
of mγγ in the data is fitted to an exponential function to estimate the background. The
inclusive invariant mass distribution of the observed candidates, summing over all the
categories, is shown in fig. 1 (right).

The observed and expected local p0 values and 95% CL upper limits on the Higgs
boson production cross section divided by the SM prediction are shown in fig. 2. (The
statistical methods used are described in sect. 3.) The largest excess with respect to the
background-only hypothesis in the mass range of 110–150 GeV is observed at 126.5 GeV
with a local significance of 2.9 standard deviations. When the uncertainties on photon
energy scale and also the look-elsewhere effect in the mass range of 110–150 GeV are
taken into account, this excess becomes 1.5 standard deviations. The median expected
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upper limits of the cross section at the 95% CL vary between 1.6 and 2.7 in the mass
range of 110–150 GeV while the observed limit varies between 0.83 and 3.6. A SM Higgs
boson is excluded at the 95% CL in the mass ranges of 113–115 GeV and 134.5–136 GeV.

2.2. H → ZZ(∗) → �+�−�′+�′− channel . – The search for H → ZZ(∗) →
�+�−�′+�′− [9] is carried out for Higgs boson masses between 110 GeV and 600 GeV us-
ing 4.8 fb−1. Three different categories based on lepton flavor are introduced; e+e−e+e−,
e+e−μ+μ− and μ+μ−μ+μ−. Higgs boson candidates are selected by requiring two same-
flavour, opposite-sign isolated lepton pairs in an event. These four leptons are required
to have pT > 20, 20, 7 and 7 GeV. The invariant mass of the lepton pair closest to Z
boson mass is required to be within 15 GeV of the known Z mass, while that of another
lepton pair is required to be smaller than 115 GeV and larger than 15–60 GeV depending
on the four-lepton invariant mass (m4�). The dominant irreducible ZZ(∗) background
is estimated using Monte Carlo simulation. The reducible Z+jets background, which
becomes important in the low mass range, is estimated from control regions in the data.
The top-quark background normalisation is validated in a control sample. The mass res-
olutions are approximately 1.5% in the four-muon channel and 2% in the four-electron
channel for mH ∼ 130 GeV. The four-lepton invariant mass is used as a discriminating
variable as shown in fig. 3 (left) for the low mass range and fig. 3 (right) for the full mass
range.

Figure 4 (left) shows the observed and expected 95% CL cross section upper limits
as a function of mH . A SM Higgs boson is excluded at 95% CL in the mass ranges 134–
156 GeV, 182–233 GeV, 256–265 GeV and 268–415 GeV. The expected exclusion ranges
are 136–157 GeV and 184–400 GeV. Figure 4 (right) shows the local p0 as a function
of mH . The most significant upward deviations from the background-only hypothesis
are observed for mH = 125 GeV with a local p0 of 1.6% (2.1σ), mH = 244 GV with
a local p0 of 1.3% (2.2σ), and mH = 500 GV with a local p0 of 1.8% (2.1σ). When
the look-elsewhere effect is taken into account, the global p0 for each excess becomes
O(50%).

2.3. H → WW (∗) → �+ν�′−ν̄ channel . – The search for H → WW (∗) → �+ν�′−ν̄ [10]
is performed as an event counting analysis for Higgs boson masses between 110 GeV and
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Fig. 3. – m4� distribution [9] of the selected candidates, compared to the background expectation
for the 100–250 GeV mass range (left) and the full mass range of the analysis (right). The signal
expectation for several mH hypothesis is also shown.

300 GeV using 2.05 fb−1. Events are required to have two opposite-sign isolated leptons
with pT > 20 GeV for electron and 15 GeV for muon. The leading lepton pT must
be larger than 25 GeV to match a trigger requirement. Because of the presence of two
neutrinos from W boson decay, a large missing transverse momentum (Emiss

T ) is required.
Figure 5 (left) shows the distribution of the quantity Emiss

T,rel, which is defined as Emiss
T if

the angle Δφ between the missing transverse mass and the transverse momentum of the
nearest lepton or jet is greater than π/2, or Emiss

T sin(Δφ) otherwise. Good agreement
between real data and Monte Carlo simulation is observed. In addition, since the direction
of two leptons from W boson decay are preferentially close, due to the spin quantum
numbers of Higgs and W bosons, a small angle between the two leptons, as well as a low
invariant mass of two leptons (m��(′)) are required. The selected events are separated
into 0-jet and 1-jet categories as well as according to lepton flavour. Figure 5 (right)
shows the jets multiplicity distribution. Non-resonant WW is dominant in the 0-jet
category, and top-quark production is dominant in the 1-jet category. The non-resonant
WW production is estimated from the data using control regions based on m��(′) . In the
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cut on Emiss

T,rel.

1-jet category, a b-jet veto is applied to reject events from top-quark production. The
transverse mass distribution of events for both jet categories is shown in fig. 6.

Figure 7 (left) shows the expected and observed limits. The mass range of 145–
206 GeV is excluded at 95% CL while the median expected limit excludes the mass range
of 134–200 GeV. Figure 7 (right) shows the local p0 and no significance deviation from
background is observed.

3. – Combination

Figure 8 show results from six different channels, which are combined [11] by using
the profile likelihood ratio. The signal strength, μ, is defined as μ = σ/σSM, where σ is
the Higgs boson production cross section being tested and σSM its SM value. The signal
strength is extracted from the full likelihood including all the parameters describing the
systematic uncertainties and their correlations. The details of this procedure are found
in refs. [17, 18]. Exclusion limits are based on the CLS method [19] and a value of μ is
regarded as excluded at the 95% CL when CLS takes on the corresponding value.
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The combined 95% CL exclusion limits on μ are shown in fig. 9 (left) for the full mass
range and fig. 9 (right) for the low mass range. These results are based on the asymptotic
approximation described in [20]. The Higgs boson mass ranges 112.9–115.5 GeV, 131–
238 GeV and 251–466 GeV are excluded at the 95% CL, while the range 124–519 GeV is
expected to be excluded in the absence of a signal.

In fig. 9 (right), an excess of events is observed at mH ∼ 126 GeV. Such an excess
can be tested by the probability (p0) that a background-only experiment fluctuates to be
more signal-like than what is observed. The equivalent formulation in terms of number
of standard deviations is referred to as the significance. The profile likelihood ratio
test statistic is defined such that p0 cannot exceed 50%. The local p0 probability and
significance are defined for a fixed mH hypothesis and then the global p0 probability
and significance are evaluated by taking the look-elsewhere effect [17, 21] into account.
Figure 10 (left) shows the local p0 as a function of mH . The largest local significance
in the combination is found at mH = 126 GeV, where it reaches 3.6σ with an expected
value of 2.5σ for a SM Higgs boson signal. The observed (expected) local significance for
mH = 126 GeV is 2.8σ (1.4σ) in the H → γγ channel, 2.1σ (1.4σ) in the H → ZZ(∗) →
�+�−�′+�′− channel, and 1.4σ (1.4σ) in the H → WW (∗) → �+ν�′−ν̄ channel. By taking
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into account the systematic uncertainties on energy scale, this excess slightly reduces
from 3.6σ to 3.5σ. The global p0 for this combined 3.5σ excess to be found anywhere in
the mass range 110–600 GeV is 1.4% (2.2σ).

Figure 10 (right) shows the best-fit signal strength μ as a function of mH for the
low-mass range. The μ value indicates by what factor the SM Higgs boson cross section
would have to be scaled to match to the observed data and the excess observed at
mH = 126 GeV corresponds to a value of μ of approximately 1.5+0.5

−0.6, which is consistent
with the signal expected from a SM Higgs boson at that mass.
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4. – Conclusion

A search for the Standard Model Higgs boson has been performed with the ATLAS ex-
periment at the LHC using data corresponding to integrated luminosities from 1.04 fb−1

to 4.9 fb−1 of pp collisions collected at
√

s = 7 TeV in 2011. The Higgs boson mass ranges
112.9–115.5 GeV, 131–238 GeV and 251–466 GeV are excluded at the 95% CL, while the
range 124–519 GeV is expected to be excluded in the absence of a signal. An excess of
events is observed around the mass of 126 GeV with a local significance of 3.5σ. The
local significance of H → γγ, H → ZZ(∗) → �+�−�′+�′−, H → WW (∗) → �+ν�′−ν̄, the
three most sensitive channels in this mass range, are 2.8σ, 2.1σ and 1.4σ, respectively.
The global probability for the background to produce such a fluctuation anywhere in the
explored Higgs boson mass range 110–600 GeV is estimated to be ∼ 1.4%.

Finally, an integrated luminosity of 15 fb−1 is expected at
√

s = 8 TeV in 2012. With
this data, it might be possible either to discover the SM Higgs boson of mass around
120–131 GeV or to exclude the mass range of 115.5–131 GeV.
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Summary. — The LHC and Tevatron Higgs data are interpreted as constraints
on an effective theory of a Higgs boson with the mass mh � 125 GeV. We focus on
the h → γγ, h → ZZ∗ → 4l, and h → WW ∗ → 2l2ν channels at the LHC, and the
bb̄ channel at the Tevatron, which are currently the most sensitive probes of a Higgs
with such a mass. Combining the available data in these channels, we derive the
favored regions of the parameter space of the effective theory. We further provide
the relevant mapping between the effective theory and the relevant rates, allowing
for a more precise extraction of the favored region to be derived by the ATLAS and
CMS collaborations.

PACS 14.80.Bn – Higgs boson.
PACS 01.50.Wg – Physics of toys.

1. – Introduction

Discovering the Higgs boson and measuring its properties is currently the key objective
of the high-energy physics program. Within the Standard Model (SM), the coupling to
the Higgs boson is completely fixed by the particle mass. This is no longer the case
in many scenarios beyond the SM, where the Higgs couplings to the SM gauge bosons
and fermions may display sizable departures from the SM predictions. Indeed, precision
studies of the Higgs couplings may be the shortest route to new physics.

Recently, ATLAS [1] and CMS [2] have reported the results of Higgs searches based
on 5 fb−1 of LHC data while CDF and D0 presented Higgs searches based on 10 fb−1 of
Tevatron data [3]. The results suggest the existence of a Higgs boson with mh ≈ 125 GeV
manifesting itself in the diphoton and 4-lepton final states at the LHC, and in the bb̄ final
state at the Tevatron. Assuming these signals are in indeed due to a Higgs boson, it is
natural to ask the following questions:

– Are the experimental data consistent with the predictions of the SM Higgs?

c© Società Italiana di Fisica 315
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– Do the data favor or disfavor any particular scenarios beyond the SM?

– What are the implications of Higgs data for new physics models addressing the
naturalness problem of the SM?

To address these questions, we combine the LHC and Tevatron Higgs results in 5 search
channels that are currently most sensitive to the signal of a 125 GeV Higgs:

– The inclusive diphoton channels in ATLAS [4] and CMS [5].

– The dijet tag exclusive diphoton channel in CMS [5].

– The inclusive ZZ → 4l channels in ATLAS [6] and CMS [7].

– The inclusive WW → 2l2ν channel in ATLAS [8].

– The W/Z associated Higgs production in the bb̄ channel at the Tevatron [3].

We use these channels to identify the best-fit regions of an effective theory describing
general interactions of a 125 GeV Higgs boson. This proceedings is based, on ref. [9]
updated with Higgs search results that subsequently appeared in refs. [3, 8]. One of
the goals of this note is to collect the corresponding formulae that are needed in order
to map the Higgs effective theory to rates measured at colliders, hoping it will help the
experimental collaborations to present similar fits once additional data becomes available.
A number of partly overlapping papers have recently investigated the 125 GeV Higgs-like
excess, see [10]. In addition to the the channels discussed here, one may consider other
available Higgs measurements (e.g., the bb̄ and τ+τ− channel at the LHC, the W+W−

and the diphoton channel at the Tevatron, etc.). Those, however, are currently less
sensitive to a 125 GeV Higgs, and including them does not alter the fits significantly [11].

2. – Formalism

We first lay out in some detail the formalism we employ to describe interactions of
the Higgs boson with matter.

2.1. Lagrangian. – We introduce the effective Lagrangian defined at the scale of μ =
mh (assuming the Higgs is lighter than the top), describing the interactions of a scalar
Higgs boson with matter,

Leff = cV
2m2

W

v
hW+

μ W−
μ + cV

m2
Z

v
hZμZμ − cb

mb

v
h b̄b − cτ

mτ

v
h τ̄τ − cc

mc

v
h c̄c(1)

+cg
αs

12πv
hGa

μνGa
μν + cγ

α

πv
hAμνAμν − cinvh χ̄χ.

The couplings of the Higgs boson are allowed to take arbitrary values, parametrized by
ci. To be even more general, we also allow for a coupling to weakly interacting stable
particles χ, leading to an invisible Higgs partial width. This effective approach harbors
very few theoretical assumptions. One is that of custodial symmetry, cW = cZ ≡ cV , so
as to satisfy the experimental bounds on the T -parameter (see however ref. [12]). Another
theoretical assumption is that the Higgs width is dominated by decays into up to 2 SM
particles; more sophisticated BSM scenarios may predict cascade decays into multiple
SM particles which would require a more general treatment. Finally, we assummed that
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the Higgs is a positive-parity scalar; more generally, one could allow for pseudoscalar
interactions.

The top quark has been integrated out in eq. (1) and its effects are included in
the effective dimension-5 Higgs couplings parametrized by cg and cγ . However these 2
couplings may well receive additional contributions from integrating out new physics,
and therefore are also kept as free parameters. This effective Lagrangian provides a good
description processes where the Higgs boson is dominantly produced near threshold(1).

In the SM, the terms in the first line of eq. (1) arise at tree-level:

(2) cV,SM = ct,SM = cb,SM = cτ,SM = 1.

The following 2 terms arise at 1 loop and are dominated by the contribution of the top
quark,

(3) cg,SM � 1, cγ,SM � 2
9

.

Finally, cinv,SM = 0(2).

2.2. Decay . – With the help of the effective theory parameters ci we can easily write
down the partial Higgs decay widths relative to the SM value. Starting with the decays
mediated by the lower-dimenensional interactions in the first line of eq. (1) we have,

(4) Γbb � |cb|2ΓSM
bb , Γττ � |cτ |2ΓSM

ττ , ΓWW = |cV |2ΓSM
WW , ΓZZ = |cV |2ΓSM

ZZ ,

where the SM widths for mh = 125 GeV, are given by [13]

(5) ΓSM
bb = 2.3MeV, ΓSM

ττ = 0.25MeV, ΓSM
WW = 0.86MeV, ΓSM

ZZ = 0.1MeV.

Strictly speaking, eq. (4) is valid at leading order. However, higher-order diagrams
which involve one ci insertion leave these relations intact. Thus, eq. (4) remains true
when higher order QCD corrections are included. The decays to gluons and photons
are slightly more complicated because, apart from the dimension-5 effective coupling
proportional to cg, cγ , they receive contribution from the loop of the particles present in
eq. (1). One finds

(6) Γgg =
|ĉg|2

|ĉg,SM|2 ΓSM
gg , Γγγ =

|ĉγ |2
|ĉγ,SM|2 ΓSM

γγ ,

where, keeping the leading 1-loop contribution in each case one finds,

ĉg = cg + cbAf (τb) + ccAf (τc),(7)

ĉγ = cγ + cV Av(τW ) +
1
18

cbAf (τb) +
2
9
ccAf (τc) +

1
6
cτAf (ττ ).(8)

(1) Obviously, this formalism is not suitable for describing the tt̄ associated Higgs production
process, which may be observable in the 14TeV LHC run. Moreover, it may yield quantitatively
incorrect results for exclusive processes requiring Higgs produced with a much larger boost,
pT,h � mh.
(2) But note that even in the SM there is a small invisible width via the tree-level h → ZZ∗ → 4ν
and the 1-loop h → 2ν decay modes.
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Above we introduced the customary functions describing the 1-loop contribution of
fermion and vector particles to the triangle decay diagram,

Af (τ) ≡ 3
2τ2

[(τ − 1)f(τ) + τ ] ,(9)

Av(τ) ≡ −1
8τ2

[
3(2τ − 1)f(τ) + 3τ + 2τ2

]
,

f(τ) ≡

⎧⎨
⎩

arcsin2 √τ , τ ≤ 1,

− 1
4

[
log 1+

√
1−τ−1

1−
√

1−τ−1 − iπ
]2

, τ > 1,

and τi = m2
h/4m2

i . Numerically, for mh � 125 GeV, Av(τW ) � −1.04, Af (τb) � −0.06 +
0.09i. so that ĉg � cg − 0.06cb and ĉγ � cγ − cV . In the SM cg and cγ arise from
integrating out the top quark, thus cg,SM = Af (τt) ≈ 1.03, and cγ,SM = (2/9)cg,SM. The
SM witdhs are ΓSM

gg � 0.34 MeV and ΓSM
γγ � 0.008 MeV.

In order to compute the branching fractions in a given channel we need to divide the
corresponding partial width by the total width,

(10) Br(h → ii) =
Γii

Γtot
.

The latter includes the sum of the width in the visible channels, and the invisible width,
which once again, for mh = 125 GeV is, Γinv � 1.2 × 103c2

invΓSM
tot . We can write it as

(11) Γtot = |Ctot|2ΓSM
tot ,

where ΓSM
tot � 4.0 MeV, and

|Ctot|2 � |cb|2ΓSM
bb + |cV |2

(
ΓSM

WW + ΓSM
ZZ

)
+

|cg|2∣∣cSM
g

∣∣2 ΓSM
gg + |cτ |2ΓSM

ττ(12)

+|cc|2ΓSM
cc +

Γinv

ΓSM
tot

.

� 0.58|cb|2 + 0.24|cV |2 + 0.09|cg|2 + 0.06|cτ |2 + 0.03|cc|2 +
Γinv

ΓSM
tot

.

Typically, the total width is dominated by the decay to b-quarks and Γtot � c2
b , however

this scaling may not be valid be in models which couple only weakly to bottoms (cb < 1)
or gauge fields (cV > 1), or that have a significant invisible width (cinv � 0.03).

2.3. Production. – Similarly, one can express the relative cross sections for the Higgs
production processes in terms of the parameters ci. For the LHC and the Tevatron the
currently relevant partonic processes are

– Gluon fusion (ggF), gg → h + jets,

– Vector boson fusion (VBF), qq → hqq + jets,

– Vector boson associate production (VH), qq̄ → hV + jets.
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The relative cross sections in these channels can be approximated at tree-level by,

σggF

σSM
ggF

� |ĉg|2
|ĉg,SM|2 � |cg|2,

σV BF

σSM
V BF

� |cV |2, σV H

σSM
V H

� |cV |2.(13)

For mh = 125 GeV with the SM, the 7 TeV proton-proton cross sections are: σSM
ggF =

15.3 pb, σSM
V BF = 1.2 pb and σSM

V H = 0.9 pb [13]. Using eq. (13), we find the total inclusive
pp → h cross section σtot,

(14)
σtot

σSM
tot

�
|ĉg|2σSM

ggF /|ĉg,SM|2 + |cV |2σSM
V BF + |cV |2σSM

V H

σSM
ggF + σSM

V BF + σSM
V H

,

is typically dominated by the gluon fusion process, and therefore it scales as σtot ∼ c2
g.

2.4. Rates. – The event count in experiments depends on the product of the Higgs
branching fractions and the production cross section in a given channel. Typically, the
results are presented as constraints on R defined as the event rates relative to the rate
predicted by the SM (sometimes denoted as μ̂). These rates can be easily expressed in
terms of the parameters of our effective Lagrangian in eq. (1). First, the ATLAS and
CMS searches in the γγ, ZZ∗ and WW ∗ channels probe, to a good approximation, the
inclusive Higgs cross section. Thus, we have

Rinc
V V ∗ ≡ σtot

σSM
tot

Br(h → V V ∗)
BrSM (h → V V ∗)

�
∣∣∣∣ ĉgcV

ĉg,SMCtot

∣∣∣∣
2

,(15)

Rinc
γγ ≡ σtot

σSM
tot

Br(h → γγ)
BrSM (h → γγ)

�
∣∣∣∣ ĉg ĉγ

ĉg,SM ĉγ,SMCtot

∣∣∣∣
2

.

The approximation holds assuming the Higgs production remains dominated by the gluon
fusion subprocess. The more precise relations (which we use in our fits) can be easily
extracted by substituting eqs. (4), (6), (11), (12) and (14) into the above. ATLAS and
CMS also made a number of exclusive studies where kinematic cuts were employed to
enhance the VBF contribution. In that case, it is important to take into account the
corresponding cut efficiencies εi for the different production channels. For example for
exclusive diphoton searches we have,

Rexc
γγ =(16)

εggF |ĉg|2σSM
ggF /|ĉg,SM|2 + |cV |2εV BF σSM

V BF + |cV |2εV HσSM
V H

εggF σSM
ggF + εV BF σSM

V BF + εV HσV H

Br(h → γγ)
BrSM (h → γγ)

.

The most prominent example is the dijet class of the CMS diphoton channel [5], where 2
forward jets with a large rapidity gap are required. In that case Monte Carlo simulations
suggest εggF /εV BF ∼ 0.03, and εV H/εV BF ∼ 0. Large systematic uncertainties are
expected however. Another example is the ATLAS fermiophobic Higgs search [14], where
εggF /εV BF ∼ 0.3. Thus, the ATLAS fermiophobic selection (much like the inclusive
selection in the CMS fermiophobic search [15], but unlike the CMS dijet tag class) is
typically dominated by the ordinary ggF production mode, unless cg/cV 	 1.
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At the Tevatron the channel most sensitive to a light Higgs signal is the h → bb̄ final
state produced in association with a W/Z boson. In this case the relevant rate is

(17) RTev
bb ≡ σ(pp̄ → V h)

σSM(pp̄ → V h)
Br(h → bb̄)

BrSM (h → bb̄)
�

∣∣∣∣cV cb

Ctot

∣∣∣∣
2

.

Finally, it is interesting to consider the invisible Higgs rates at the LHC defined as

(18) RggF
inv ≡ σggF Br(h → χχ̄)

σSM
ggF

, RV BF
inv ≡ σV BF Br(h → χχ̄)

σSM
V BF

.

Currently, there is no official LHC limits on invisible Higgs rate. Recasting the results
of the LHC monojets searches one can arrive at the limits RggF

inv < 1.9, RV BF
inv < 4.3 at

95% CL [16]. Combining ggF and VBF (assuming they come in the same proportions
as in the SM), a somewhat stronger limit Rinv < 1.3 can be obtained. In any case, the
currently available data can place a non-trivial direct constraint on the invisible Higgs
branching fraction only in models where the Higgs production cross section is enhanced,
for example in models with the 4th generation of chiral fermions where Higgs decays into
4th-generation neutrinos [17]. Alternatively, in a more model-dependent fashion, one
can constrain the invisible Higgs width indirectly from the fact of observing the visible
Higgs decays. Assuming other Higgs couplings take the SM value, ref. [11] argues that
Br(h → χχ̄) > 40% is disfavored.

3. – Fits

We are ready to place constraints on the parameters of the effective theory. With
enough data from the LHC one could in principle perform a full seven-parameter fit,
however for the time being we pursue a simpler approach. Throughout we assume cc =
cτ = cb, and cinv = 0, and study the LHC and Tevatron constraints on δcg = cg − cg,SM,
δcγ = cγ − cSM

γ , cb, and cV . We allow two of these parameter to vary freely while fixing
the other two. Sample results are displayed in fig. 1. In each plot the “Combined” region
corresponds to Δχ2 < 4.61, which can be interpreted as the 90% CL favored region in
new physics models where only the two parameters on the axes are varied.

The top left plot characterizes models in which loops containing beyond the SM fields
contribute to the effective hGa

μνGa
μν and hAμνAμν operators, while leaving the lower-

dimension Higgs couplings in eq. (1) unchanged relative to the SM prediction. Note that
in these plots the Tevatron band are absent. That’s because the Tevatron bb̄ rate depends
mostly on the parameters cb and cV , and very weakly on cg and cγ . Interestingly, in this
section of the parameter space the Tevatron result is always outside the 1σ band. In the
remaining plots we fix δcγ = (2/9)δcg, which is the case in top partner models where
only scalars and fermions with the same charge and color as the top quark contribute to
these effective five-dimensional operators. The results are shown for three different sets of
assumptions about the lower-dimension Higgs couplings that can be realized in concrete
models addressing the Higgs naturalness problem. In particular, the assumptions in the
top-right plot are inspired by composite Higgs models [18], where the couplings to the
electroweak gauge bosons and the couplings all the SM fermions are scaled by common
factors, cV and cb, respectively. The coupling to the top quark ct in the UV completion is
also assumed to be rescaled by cb, producing the corresponding shift of cg and cγ in our
effective theory. The interesting feature of this plot is the presence of two disconnected
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Fig. 1. – The allowed parameter space of the effective theory given in eq. (1) derived from the
ATLAS, CMS and Tevatron constraints for mh = 125 GeV. We display the 1σ regions allowed by
the LHC inclusive h → γγ channel (mauve), the LHC inclusive h → ZZ∗ → 4l channel (indigo),
the CMS dijet class of the h → γγ channel (beige), the ATLAS inclusive h → WW ∗ → 2l2ν
channel (light grey), and the Tevatron h → bb̄ W/Z boson associated channel (peach), The green
region is the one favored at 95% CL from the combination of these channels. The dashed lines
show the SM values.

best-fit regions. This reflects the degeneracy of the relevant Higgs rates in the V V ∗ and
bb̄ channels under the reflection cb → −cb, which is broken only in the γγ. Amusingly,
a slightly better fit is obtained in the cb < 0 region, although it may be difficult to
construct a microscopic model where such a possibility is realized naturally. It is worth
noting that the fermiophobic Higgs scenario, corresponding to cb = 0 and cV = 1, is
disfavored by the data (more generally, the fermiophobic line cb = 0 is disfavored for
any cV ). The two bottom plots demonstrate that the current data show a preference
for a slightly enhanced Higgs coupling to the electroweak gauge bosons, cV > 1 and a
slightly suppressed effective couplings to the gluons, cg < 1. This result is driven by
the somewhat low event rate (with respect to the SM) observed in the WW ∗ and, to a
lesser extent in the ZZ∗ channels (sensitive to the gluon fusion production), while data
in the diphoton channel and in the Tevatron bb̄ channel (sensitive to the Higgs coupling
to W/Z), are well above the SM expectations. Several well-studied models such as the
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MSSM or the minimal composite Higgs (and more generally, models with only SU(2)
singlets and doublets in the Higgs sector), predict cV ≤ 1. If cV > 1 is confirmed in
the 8 TeV LHC run, it would point to a very specific direction for electroweak symmetry
breaking [19].

To conclude, the LHC and Tevatron Higgs data appear to be a very promising tool
to test the consistency of the SM. With the limited statistics available, any conclusion
about the Higgs couplings should be taken with a grain of salt. Nonetheless, the analysis
presented here demonstrates the strength of constraining the effective Higgs Lagrangian
as a mean to place bounds on new physics. With more data we will soon learn whether
the intriguing patterns currently visible shall disappear or rather they are the first signs
of new physics.
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Summary. — Searches for beyond the Standard Model Higgs bosons with the
ATLAS detector at the Large Hadron Collider are presented. The individual results
are based on datasets with integrated luminosities between 35 pb−1 and 1.6 fb−1 of
proton-proton collisions at a centre-of-mass energy of 7 TeV. No significant deviation
from Standard Model predictions without a Higgs boson are observed. Exclusion
limits are set on production cross-sections as a function of the Higgs boson mass
and in the parameter space of supersymmetric models.

PACS 14.80.Da – Supersymmetric Higgs bosons.
PACS 14.80.Fd – Other charged Higgs bosons.
PACS 12.60.Fr – Extensions of electroweak Higgs sector.

1. – Introduction

One of the primary goals of the ATLAS experiment [1] at the Large Hadron Collider
(LHC) is to probe the mechanism responsible for electroweak symmetry breaking and
the origin of mass of elementary particles. In the Standard Model (SM) [2] electroweak
symmetry breaking is accomplished by adding an additional complex SU(2) doublet field
which acquires a vacuum expectation value [3]. A direct prediction of this mechanism is
the existence of one additional massive scalar particle, the Higgs boson [3], which couples
to both fermions and bosons with coupling strengths that are directly predicted by the
theory, with the only unknown quantity being the mass of the Higgs boson. Results from
the ATLAS experiment on searches for a SM-like Higgs boson can be found in [4].

Extensions of the Standard Model can significantly alter the phenomenology of the
Higgs sector, thus requiring additional search strategies in order to ensure a discovery.
Among the possible extensions of the SM, one of the most popular ones is the Minimal
Supersymmetric Standard Model (MSSM) [5], where an additional Higgs doublet field
of opposite hypercharge is required. This results in five observable Higgs bosons, three
of them being electrically neutral (the CP -even h,H, the CP -odd A), and two being
charged (H±). In addition the coupling strengths to fermions and bosons of the neutral

c© CERN on behalf of the ATLAS Collaboration under CC BY-NC 3.0 323
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Higgs bosons can be very different from the SM case. Further extensions of the SM
gauge sector, such as left-right-symmetric models [6], Higgs triplet models [7], and little
Higgs models [8] predict the existence of doubly charged Higgs bosons. Models like the
next-to-minimal supersymmetric standard model (NMSSM) [9] can lead to an even more
complex Higgs sector. Finally, fermiophobic models [10] can cause the Higgs boson to
not couple to some or all of the SM fermions.

In these proceedings, ATLAS results from searches for Higgs bosons in scenarios
beyond the Standard Model are reported.

2. – Neutral MSSM h/H/A → ττ

In the MSSM the coupling strength of the neutral Higgs bosons to fermions and gauge
bosons is significantly altered. For large values of tanβ one of the two CP -even Higgs
bosons is always predicted to have about the same mass as the A boson and these two
mass degenerate states will have increased couplings to down-type fermions, while the
couplings to gauge bosons will be suppressed or even completely absent in the case of
the A boson. The other CP -even Higgs boson has couplings similar to the SM case.

The two mass degenerate Higgs bosons are produced predominantly in gluon-gluon-
fusion and in association with b quarks. Decay to down-type fermions are favoured, with
branching fractions of about 90% into bb̄ and about 10% into τ+τ−. The latter decay
mode is one of the most promising channels. However, it is difficult to reconstruct the
Higgs boson mass due to the presence of neutrinos in the tau lepton decays, and the
large jet background to hadronic tau lepton decays (τh) has to be suppressed.

In ATLAS the search for neutral Higgs bosons of the MSSM has been performed in a
jet-inclusive way based on the decay of the Higgs bosons into tau leptons using 1.06 fb−1

of data [11]. Four different final states according to decays of tau leptons have been
considered, with τh denoting a tau lepton decay involving hadrons, eμ4ν, eτh3ν, μτh3ν,
τhτh2ν, corresponding to branching fractions of 6%, 23%, 23% and 42% respectively(1).
Various estimates for the invariant mass of the Higgs boson candidate have been used:
In the τhτh channel the invariant (also called visible) mass of the two hadronic systems
has been used. For the eμ channel, the missing momentum was added to the visible tau
decay products to produce an effective mass. For the channels with one leptonic and one
hadronic tau lepton decay the missing mass calculator (MMC) technique as introduced
in [12] has been used.

For channels with leptons in the final state the dominant background Z → ττ has
been estimated from data with a technique where Z → μμ events are selected in data.
The muons are removed from the event and their momenta used as momenta of fictitious
tau leptons. The tau lepton decays are simulated along with the detector response and
the simulated energy deposits are re-merged with the data event before re-reconstruction.
In this way the additional hadronic activity in the event is taken from data.

For the τhτh channel the dominant background is multi-jet production, which has
been estimated from data. Details on the analysis can be found in [11].

Figure 1 shows the resulting mass spectra of the three different channels. Data are
compatible with background expectations for all channels and exclusion limits at the
95% CL are set on the production cross-section times branching fraction of a generic
scalar resonance φ as a function of its mass as shown in fig. 2 (left). The cross-section

(1) In the following the eτh and μτh channels will be summarized as one �τh channel.
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Fig. 1. – Reconstructed masses in the search for h/H/A → ττ using 1.06 fb−1 [11]. From left
to right: Effective mass in the eμ channel, MMC mass in the �τh channels, visible mass in the
τhτh channel.

limit is produced separately for two different production mechanisms, gg → φ and b
quark associated production. The interpretation of the search results within the MSSM
is shown in fig. 2 (right), where the exclusion limits are set on tanβ as a function of the
mass of the CP -odd Higgs boson A. Here the MHMAX [13] scenario has been assumed.

3. – Searches for charged Higgs bosons

Charged Higgs bosons occur in all extensions of the SM Higgs sector with more than
one Higgs doublet field, such as the MSSM. In all analysis presented in these proceedings,
a charged Higgs boson mass smaller than the top quark mass is assumed and the charged
Higgs boson is searched for in decays of top quark pairs (tt̄ → H+bW−b̄ + c.c.).

3.1. Charged H+ → τ+ντ . – The decay of the charged Higgs boson into tau leptons
is important in the MSSM especially for large values of tanβ. The search for this decay
channel has been performed in three different final states using 1.03 fb−1 of data. Details

Fig. 2. – Expected and observed exclusion limits at the 95% CL from the combination of the
analyses in the eμ, �τh and τhτh channels [11]. Left: Limits on production cross-section times
branching fraction of a single scalar resonance decaying into ττ . Right: Limits in the mA-tan β
plane of the MSSM in the MHMAX scenario.
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Fig. 3. – Transverse mass of the hadronic tau candidate and the missing transverse energy in
the search for H+ → τν for the analysis using hadronic tau lepton decays [14] using 1.03 fb−1.

of the analysis for the case where both the tau lepton and the W boson from the second
top quark decaying hadronically can be found in [14]. In [15] the analysis where either
only the tau lepton decays leptonically or in addition also the W boson from the second
top quark decays leptonically can be found.

In the hadronic channel, dominant backgrounds are top quark pairs and W+jets with
real tau leptons, which are estimated using a data-driven technique where events are
selected with a similar event topology as in the analysis, but requiring a reconstructed
muon instead of a tau candidate. The reconstructed muon is removed from the event
and replaced by a simulated tau lepton decaying hadronically, where the tau momentum
is taken from the reconstructed muon. Fake tau lepton contributions are estimated by
applying measured fake rates to simulation. The multi-jet background is estimated using
control regions defined by inverting tau identification and b-tagging requirements.

The transverse mass of the tau candidate and the missing momentum is used as a final
discriminant [14] and is shown in fig. 3. The observation is consistent with background
expectations and upper limits are set on BR(t → H+b) · BR(H+ → τν), as shown in
fig. 4 (left). This result can also be interpreted in the MSSM using the MHMAX [13]
scenario as limits on the tan β in dependence of the mass of the charged Higgs boson, as
shown in fig. 4 (right).

In the channels involving electrons or muons, the signal is enhanced by cutting on
the invariant mass of the b-quark and the electron or muon coming from the same top
quark decay. The final discriminating variables used are transverse masses obtained
by maximizing the invariant mass over all possible values of neutrino momenta in each
event, as described in [16]. Also in these two channels the observation is consistent with
background expectations [15]. Limits are set on BR(t → H+b) assuming BR(H+ →
τν) = 1 and on tanβ in dependence of the charged Higgs boson mass in the MHMAX
scenario [13] of the MSSM. The combined limit of the leptonic channels is shown in fig. 5.

Although the presence of leptons suppresses the backgrounds significantly, the higher
statistics of hadronic tau decays leads to stronger limits from the hadronic channel than
from the leptonic ones.
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Fig. 4. – Expected and observed exclusion limits on the production of a charged Higgs boson in
top quark decays in the hadronic channel [14] in dependence of the charged Higgs boson mass.
Left: Limit on the braching fractions, right: limit on tan β using the MHMAX scenario of the
MSSM.

3.2. Charged H+ → cs̄. – A search for charged Higgs bosons in the H+ → cs̄ using
35 pb−1 of data taken in 2010 is documented in detail in [17]. This decay mode is
important for low values of tanβ < 1. The analysis makes use of an electron or muon
from the decay of the W -boson emanating from the second top quark decay. The signal
characteristic is similar to semi-leptonic tt̄ events, with the exception of the invariant mass
of the two jets from the H+ decay, which peaks at mH+ instead of mW . A kinematic fit
is performed to select the two jets originating from the H+ candidate. Both the overall
number of events and the shape of the di-jet mass distribution are found to be consistent
with SM expectations. Limits are set on the branching fraction BR(t → H+b), assuming
BR(H+ → cs̄) = 1, see fig. 6.

4. – Search for a fermiophobic Higgs boson

Fermiophobic extensions of the Standard Model [10] can lead to suppressed or even
absent couplings of the Higgs field to some or all fermion generations. In this way, both
production and decay of the Higgs boson are altered significantly. In the ATLAS analysis
reported in [18] the fermiophobic benchmark scenario [10] is assumed, where all Higgs
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Fig. 5. – Expected and observed exclusion limits on the prodcution of a charged Higgs boson in
top quark decays in the leptonic channels [15] in dependence of the charged Higgs boson mass.
Left: Limit on the braching fraction, right: limit on tan β using the MHMAX scenario of the
MSSM.
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Fig. 6. – Expected and observed upper limit on the branching fraction t → H+b assuming only
decays H+ → cs̄ using a dataset of 35 pb−1 [17].

boson couplings to fermions are set to zero, but the couplings to gauge bosons are left
at the Standard Model values. In this model the decay H → γγ is strongly enhanced
compared to the SM case, especially for low Higgs boson masses. The analysis follows
the ATLAS Standard Model search for H → γγ [4], using an integrated luminosity of
1.08 fb−1. Two energetic isolated photons with transverse momenta of at least 40 GeV
and 25 GeV are required. The background consists primarily of di-photon production
and misidentified photon-jet events. As in comparison to the SM case the Higgs boson is
produced only in vector-boson fusion and Higgsstrahlung production, it has on average
a higher transverse momentum. This particular topology is employed to increase the
sensitivity of the analysis by considering the di-photon invariant mass spectrum in three
ranges of the transverse momentum of the fermion pair. The three resulting mass spectra
are fitted simultanously for Higgs boson mass hypotheses between 110 GeV and 130 GeV.
No significant excess is observed, and the resulting exclusion limits are shown in fig. 7.
The mass ranges 110–111 GeV and 113.5–117.5 GeV are excluded at the 95% CL.

5. – Search for doubly charged Higgs bosons

Doubly charged Higgs bosons are predicted by a number of extensions of the Standard
Model, such as left-right symmetric models [6], Higgs triplet models [7] or little Higgs

Fig. 7. – Exclusion limits at the 95% CL on the production rate of a fermiophobic Higgs boson
normalized to the prediction of the fermiophobic benchmark scenario as a function of the Higgs
boson mass hypothesis [18] using an integrated luminosity of 1.08 fb−1.
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fraction for gg → a1 → μμ in dependence of the di-muon invariant mass [21].

models [8]. In proton-proton collisions, doubly charged Higgs bosons are dominantly
produced in pairs via the Drell-Yann process pp → H++H−−. In a dataset with an
integrated luminosity of 1.6 fb−1, events with two muons with same electric charge are
selected [19]. To ensure a short lifetime (cτ < 10 μm) and a relative natural width of the
doubly charged Higgs boson of less than 1%, only coupling values of the H++ to muons
between 10−5 and 0.5 are considered. The resulting di-muon invariant mass spectrum
as shown in fig. 8 (left) is in good agreement with background predictions. The main
background at low masses arises from non-prompt muons from heavy flavour decays or
decays in flight of pions or kaons. For high invariant masses di-boson production gives an
additional contribution. Limits are set on the production cross-section of doubly charged
Higgs bosons as shown in fig. 8 (right). Assuming a branching fraction of the doubly
charged Higgs boson into muons of one, limits are set on the H++ mass of 295 GeV
(375 GeV) for right-handed (left-handed) production(2).

(2) The production cross-section for left-handed production is a factor of two larger than for
right-handed production.
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6. – Search for NMSSM a1 → μ+μ−

The Next-to-MSSM (NMSSM) introduces an additional complex singlet scalar field
to solve the so-called μ-problem [9]. As a consequence, the Higgs sector expands to three
CP -even scalars (h1h2h3), two CP -odd scalars (a1, a2) and two charged scalars (H±).
The light CP -odd scalar a1 can be rather light, i.e. below the threshold to produce B-
hadron pairs (ma1 < 2mB). As in [20] the direct production of the a1 in gluon-gluon
fusion and the decay into muons has been considered in the ATLAS analysis presented
in [21]. The signal over background ratio is enhanced by cutting on a Likelihood ratio
(LR) based on the dimuon vertex fit and on muon isolation variables. The obtained
invariant mass spectrum is shown in fig. 9 (left). The region around the Υ resonances
is excluded from the search. Exclusion limits on the production cross-section are shown
in fig. 9 (right). Deviations of the observed limit from its expected value are consistent
with statistical fluctiations without an additional resonance after taking into account
look-elsewhere effects [22].

7. – Summary

The ATLAS experiment has probed a wide variety of possible extensions of the SM
Higgs sector. Neutral and charged Higgs bosons within the MSSM, fermiophobic models
in H → γγ, doubly charged Higgs bosons and also light Higgs bosons within the NMSSM
have been probed. In all analyses presented, using data between 35 pb−1 and 1.6 fb−1,
the observations are compatible with background-only expectations. Stringent limits on
production cross-sections and/or branching fractions have been set, and in part also been
interpreted within the MSSM.
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Summary. — This article summarizes searches for supersymmetry at the CMS
detector performed in 2011 at the LHC with pp collisions energies of 7 TeV. For
several leptonic and photonic supersymmetry searches results are presented with
an integrated luminosity of approximately 5 fb−1 that are shown for the first time
in public at this conference. In none of the searches a potential supersymmetry
signal has been observed and within the CMSSM gluiono masses below ∼ 750 and
first generation squarks masses below ∼ 1250 GeV have been excluded. Finally an
outlook on the focus of supersymmetry related activities at the CMS detector in the
near future is given.

PACS 11.30.Pb – Supersymmetry.

1. – Introduction

Supersymmetry is one of the most favored extensions to the standard model. Super-
symmetry can provide an explanation for the fine-tuning problem of the Higgs mass [1,2],
dark matter WIMP particle candidates [3,4], and has further advantages. This proceed-
ing reports on searches for events with supersymmetric topologies in proton-proton col-
lisions at a center-of-mass energy of 7 TeV with a data sample that was collected by the
Compact Muon Solenoid (CMS [5]) experiment during 2011 at the Large Hadron Collider
(LHC). The integrated luminosity of the presented results ranges from approximately 1 to
5 fb−1.

2. – Supersymmetry searches at CMS

A typical decay of two gluinos (supersymmetric partner of the gluon) is illustrated in
fig. 1 for the R-parity-conserving case. For R parity conservation the two lightest stable
particles (LSP) of supersymmetry leave the detector undetected. A large mass difference
between the initially produced sparticles (super partners of particles) and the stable final
state (s)particles leads to high transverse energy in the experiment. The typically large
momenta of the LSPs in the sparticle decays of supersymmetry models lead to large

c© CERN on behalf of the CMS Collaboration under CC BY-NC 3.0 333
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Fig. 1. – Typical supersymmetric decay chain.

missing transverse energy (E/T) in the detector. The standard model particles of the
decay lead to large visible transverse energy, which is often quantified by the scalar sum
of the transverse energy of the jets (HT) in an event. The observables E/T and HT build
the basis for many of the searches for superymmetry. Also a variety of kinematic variables
are used in CMS. These variables include more information on angular distributions and
individual energies of the visible decay products than HT. Several kinematic variables
used by CMS are described in the following:

αT : This variable represents the balance of QCD topology events and is extremely robust
against detector effects. The tails of the αT distribution are effectively QCD free,
but do contain significant fractions of events with supersymmetric topologies [6].

MR,R2: MR approximates under certain assumptions [7] the mass-difference between
the initially produced sparticles and the final state sparticles. R2 is a ratio of two
different approximation of the mass difference, which should only be correlated for
supersymmetric events. Both variables separate potential supersymmetric events
(or other pair produced particles that produce E/T in their decay) and standard
model events.

MT2: This variable is a generalization of the transverse mass, as e.g. used for W -bosons,
to the case of two invisible particles. At large values of MT2 supersymmetric events
would be expected to occur. Also information about the spectra of supersymmetry
could be revealed in case of discovery [8].

LP : (one leptonic search) This variable reflects the polarization behavior [9] for boosted
W -bosons in standard model events and for supersymmetric events it would reveal
the level of decorrelation between the E/T and the charged lepton due to the multiple
particles contributing to E/T. Again it separates well supersymmetry like events
and standard model events.

Apart from the different variables used naturally many final states of sparticles decays
are probed at CMS. These decays can be fully hadronic, i.e. without charged leptons in
the final state. The fully hadronic searches have the best sensitivity in the constrained
minimal supersymmetric model (CMSSM [10, 11]). The leptonic searches add to the
sensitivity and also open the door to look for electroweak production of supersymmetric
particles, especially in low background multi-lepton searches. The final states with pho-
tons are especially interesting for gauge mediated (GM [12]) supersymmetry, in which
often χ0s decay to a vector bosons, i.e. often photons, and a gravitino. Tags of b-jets
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Fig. 2. – Limits of different analyses in the CMSSM for tan β = 10 and A0 = 0 with the 2011
CMS data for an integrated luminosity of approximately 1 fb−1.

are also used, e.g. especially to enhance sensitivity to the supersymmetric partner of top
or bottom quarks. b-jets as well as τs play also an important role in supersymmetric
Higgs searches, which are not covered here, but in the general report on Higgs searches
at CMS.

Individual searches are published for each final state and in the most promising fi-
nal states several analysis with different background estimation methods and different
variables are available. At the time of the conference more than 30 results on SUSY
searches have been made public. The limits in the CMSSM for several analysis done
with ∼ 1 fb−1 of integrated luminosity is are shown in fig. 2. All CMS searches have
in common that the background prediction is done using experimental data and not by
directly comparing the simulation to the experimental data.

3. – First results with full 2011 dataset

This section describes first new results of the CMS searches with the dataset of the
complete 2011 run, which has an integrated luminosity of approximately 5 fb−1.

3.1. One leptonic search. – The main background in one leptonic searches [13] are
boosted W -bosons from W +jet or tt̄ decays. Two alternative methods have been used to
predict this background, both of which utilize the knowledge of the W -boson polarizations
in the standard model. Recently, progress was made in theoretical prediction for the
polarization of boosted W bosons in W +jets events at pp colliders [14]. Experimentally,
the prediction were confirmed [9]. The polarization in tt̄ is theoretically well known [15]
and was also recently measured at the LHC [16,17].

The relation between charged and neutral leptons in the decay of boosted W -bosons is
governed by the polarization of the W boson. The relation of the spectra of neutrino and
charged leptons are very different for the individual charges. The dominant polarization
for boosted W -bosons in W + jets events at the LHC is lefthanded, thus most of the
W -boson transverse momentum is given to the lefthanded lepton, which is the neutrino
in the W+ and the charged lepton in the W− case. After the combination of the charges
and the application of acceptance correction the charged and neutrino momentum spec-
tra are roughly similar and most importantly; their relation is well understood. For tt̄
events the dominant longitudinal polarization leads to charge and handedness symmet-
ric lepton distribution. The lefthanded (right-handed) component of the W+(−) boson
prefers giving its momentum to the neutrino. The dominant (∼ 70%) longitudinlly po-
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in the μ channel.

larized W -bosons distribute their transverse momentum equally to all charges. Again,
after the acceptance cuts, charged lepton spectra and neutrino spectra are similar. For
typical supersymmetric decays however E/T is expected to be significantly higher than
the transverse momentum of the charged leptons, given that E/T is composed of the two
LSPs and a neutrino compared to the single lepton. While charged lepton and E/T are
typically aligned in the standard model, since both originate from the boosted W -boson
decay, supersymmetric events show much looser angular correlations between the two.

One search selects exclusively one isolated lepton (μ or e) and greater or equal to
four jets. The signal is enhanced by using several E/T bins and different HT thresholds.
The background prediction is done via the lepton spectrum method (LS method). In
this method the charged lepton transverse-momentum distribution is used to predict the
neutrino distribution. Contributions from fully leptonic tt̄ events are estimated separately
as well as resolution effects.

The other search in the exclusive one lepton channel (LP method) selects events with
greater than two jets. The events are also required to have LP smaller than 0.15, where
LP is the projection of the transverse momentum of the charged lepton to the direction
of the W -boson transverse momentum and normalized to the W -boson transverse mo-
mentum: LP = PT (l±) cos((l±,W )/PT (W )). For the selected events the charged lepton
is thus either not aligned with E/T (∼boosted W -boson direction in standard model)
or the transverse momentum of the charged lepton is much smaller than E/T. Both
ingredients separate supersymmetry and standard model. Thresholds on HT and bins
in Slep

T (= E/T + PT (l±)) are used to further reduce the background. The main control
sample used for the background prediction are the events with LP > 0.3, i.e. events in
which E/T and charged lepton are aligned in φ and have similar amplitude.

Figure 3 shows the prediction of E/T using the LS method as well as prediction of
Slep

T bins using the LP method. No excess had been observed for any HT threshold. The
interpretation of the result in context of the CMSSM for the HT > 750 GeV and the
HT > 1 TeV thresholds are presented in fig. 4.

3.2. Opposite-sign leptonic search. – The searches requires two leptons with opposite
charge. The leptons can be of any flavor (e, μ, τ). One search uses the variables E/T and
HT, one uses a mass edge technique [18, 19] and one an artificial neural network with
several input variables [20]. The first is discussed here in more detail. The dominant
background to the E/T search is tt̄. The same principle as in the single lepton searches
is applied for the main background, namely that the relation between charged leptons
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Fig. 4. – Left: limits in CMSSM for a HT threshold of 750 GeV, right: limits in CMSSM for a
HT threshold of 1TeV.

and neutrinos is well known. The transverse momentum of the vector sum the transverse
momenta of the charged leptons (PT (ll)) is used for the prediction E/T. PT (ll) is scaled
according to the known ratio of PT (ll) over PT (νν) and smeared according to a E/T

resolution that has been determined in data as for the LS method. Figure 5 shows the
prediction and the observed events for various HT and E/T thresholds. No excess over
the expected number of standard model events has been observed. Figure 5 shows the
interpretation of the result in the context of the CMSSM.

3.3. Same-signs leptonic search. – In this search two isolated leptons of any flavor,
but of same charge are required. The small backgrounds allow relatively relaxed E/T and
HT thresholds, if none of the leptons is a hadronic τ . To reduce more background
in the τ channels E/T and HT thresholds are increased. The dominant background
stems from “fake” isolated leptons, e.g. lepton from heavy flavor jets, photon conversions
and other sources. In most cases only one of the leptons is fake, as can happen, e.g.,
in semileptonic tt̄ decays, where one b-quark produces a “fake” isolated lepton. This
background is estimated via a “Tight-Loose” ratio. The ratio of “fake” leptons in a loose

Fig. 5. – Left: prediction for different kinematic regions for the opposite-sign lepton search,
right: limit of opposite lepton search in the CMSSM for tan β = 10 with the 2011 CMS data
(updates results of [18,19] to full 2011 dataset with approximately 5 fb−1).
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Fig. 6. – Left: prediction for different kinematic regions for the same sign leptons search, right:
limit of same-sign lepton search in the CMSSM for tan β = 10 with the 2011 CMS data (updates
results of [21,22] to full 2011 dataset with approximately 5 fb−1).

lepton identification to a tight identification used in the search is measured in data in
a multijet sample. This ratio is than applied to an control sample done with the loose
electron selection (but else the final selection) to estimate the “fake” lepton events for
the tight selection. Details and further background estimations can be found in [21,22].
The irreducible background from WW and WZ is estimated from simulation and a 50%
uncertainty on these numbers has been derived.

The prediction for the different backgrounds and the data signal yield is presented in
fig. 6. No excess is observed and the interpretation of the result in the context of the
CMSSM is shown in fig. 6. The search is especially sensitive at large m0. In this region
electroweak production enhances (multi) leptonic channels.

3.4. One and two photon searches . – Photon searches for supersymmetry [23] are
especially interesting in the context of GM supersymmetry. If the gravitino is the LSP,
than the next lightest sparticle is typically a neutralino or chargino. The neutralinos
decay to gravitino and photon or Z-boson. Neutralinos are an admixture of wino and
bino, if the neutralino is more bino like, than the photon decay is preferred, else the
Z-boson channel is enhanced (fig. 7). The search does not veto on leptons in order to
keep events in which a chargino decays to gravitino and a W -boson, that can decay
leptonically.

The search for signal is done in E/T bins. The two-photon search requires only at least
one jet and two rather loose photons. Due to trigger constraints, the single photon search
requires HT greater than 450 GeV and a single high PT (> 80 GeV) photon. In both

Fig. 7. – Left: typical decay chain for bino-like χ0
1, right: typical decay for wino-like χ0

1.
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Fig. 8. – Left [23]: predicted and observed E/T distribution for single γ channel, right [23]:

predicted and observed E/T distribution for two-γ channel.

selections the main backgrounds are events with E/T that does not stem from a single
isolated neutrino, but rather detector effects and heavy flavor jets. The photons for this
background are either jets mimicking photons from pure QCD events or prompt photons
produced in conjunction with jets. The main background estimation is done via a control
sample in which the photon identification criteria are relaxed, but do not include the final
photons. To model the shape of the E/T distribution for the final selection the events of
the control sample are weighted according to their transverse momentum to reproduce
the transverse momentum of the photon of the tight selection. The E/T distribution of the
weighted control sample is than normalized to the E/T distribution of the final selection in
a signal free region of E/T, which is, e.g., E/T < 20 GeV for the γγ case. The renormalized
E/T distribution is used as estimation of the background in the high E/T search region.
The second largest background are events where an electron is misidentified as photon in
W -boson decays, i.e. events with true E/T from neutrinos. The probability of electrons to
“fake” photons has been determined in data. To estimate the background from electron
mislabeled as photon, this “fake” probability is applied to a control sample in which,
instead of photons, electrons have been selected. The background prediction and the ob-
served events for the different E/T bins are presented in fig. 8. No excess has been observed
and the interpretation of the result in the context of supersymmetry is shown in fig. 9.
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4. – Outlook and future activities

Currently much effort is directed towards the search for third generation squarks
in CMS. To solve the hierarchy problem without any tuning of supersymmetry a light
squark (O(few 100 GeV)) is needed. The third generation is likely to be the lightest
generation of squarks. See the report of A. Falkowski in this conference for details on
this topic. At the time of the conference no new constrains on third generation squark
were available, however the year 2012 will presumably yield enough data to constrain the
third generation significantly, if no hint of any signal is found.

Other new searches with respect to last year have been introduced, among them
several more exclusive searches with many final state particles. E.g. a search in the WZ
will probe the electroweak production of supersymmetry. Further, more sophisticated
analysis methods are started to be deployed. The first neural-net based analysis [20] has
recently been presented.

5. – Conclusion

New results with the full 2011 dataset from CMS have been presented. They did not
show any excess of data with respect to the standard model. In the context of CMSSM,
CMS constrains first generation squarks to masses above ∼ 1.25 TeV and gluinos above
∼ 750 GeV. The year 2012 will be very interesting for supersymmetry and results for
searches for the third generation squarks will be presented.

REFERENCES

[1] Witten E., Nucl. Phys. B, 188 (1981) 513.
[2] Dimopoulos S. and Georgi H., Nucl. Phys. B, 193 (1981) 150.
[3] Zwicky F., Helv. Physica Acta, 6 (1933) 110.
[4] Jungman G. and Kamionkowski M., Phys. Rep., 267 (1996) 195.
[5] CMS Collaboration, JINST, 03 (2008) S08004.
[6] CMS Collaboration, Phys. Lett. B, 698 (2011) 196218.
[7] CMS Collaboration, Phys. Rev. D, 85 (2012) 012004.
[8] CMS Collaboration, CMS-PAS-SUS-12-002.
[9] CMS Collaboration, Phys. Rev. Lett., 107 (2011) 021802.

[10] Kane G. et al., Phys. Rev. D, 49 (1994) 6173.
[11] Chamseddine A. H. et al., Phys. Rev. Lett., 49 (1982) 970.
[12] Meade P. et al., JHEP, 03 (2009) 016.
[13] CMS Collaboration, CMS-PAS-SUS-12-010.
[14] Bern Z. et al., Phys. Rev. D, 84 (2011) 034008.
[15] Fischer M. et al., Phys. Rev. D, 63 (2001) 031501.
[16] ATALS Collaboration, arXiv:1205.2484v1.
[17] CMS Collaboration, CMS-PAS-TOP-11-020.
[18] CMS Collaboration, JHEP, 06 (2011) 026.
[19] CMS Collaboration, CMS-PAS-SUS-11-010.
[20] CMS Collaboration, CMS-PAS-SUS-11-018.
[21] CMS Collaboration, JHEP, 06 (2011) 077.
[22] CMS Collaboration, CMS-PAS-SUS-11-010.
[23] CMS Collaboration, CMS-PAS-SUS-12-001.



DOI 10.1393/ncc/i2012-11389-y

Colloquia: LaThuile12

IL NUOVO CIMENTO Vol. 35 C, N. 6 Novembre-Dicembre 2012

Searches for Supersymmetry at ATLAS

R. Brunelière on behalf of the ATLAS Collaboration

Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität - Freiburg i.Br., Germany

ricevuto il 7 Settembre 2012

Summary. — Recent results of searches for supersymmetry by the ATLAS Collab-
oration in up to 4.7 fb−1 of

√
s = 7 TeV pp collisions recorded with the LHC in 2011

are reported. Emphasis is placed on the different classes of supersymmetric particles
being sought and limits are set within the context of a wide variety of models.

PACS 12.60.Jv – Supersymmetric models.

1. – Introduction

With its centre-of-mass energy of 7 TeV, the Large Hadron Collider (LHC) provides
a unique facility to test models beyond the Standard Model (SM) of particle physics.
Supersymmetry (SUSY) [1] is one of the most promising theories extending the Standard
Model as it could solve the gauge hierarchy problem. In its simplest form, the Minimal
Supersymmetric Standard Model (MSSM), a supersymmetric partner differing by a half-
of-unit of spin is associated to every Standard Model particle. After the symmetry is
broken, if solving the hierarchy problem, some of the superpartners should have masses
not far from the TeV scale and thus could be observed in pp collisions at the LHC.
Depending on the mass spectrum and properties of the new supersymmetric particles,
different search strategies are used. In R-parity–conserving models, supersymmetric
particles are always produced in pairs and the lightest supersymmetric particle (LSP)
is stable, escaping the detector and thus providing a possible dark-matter candidate.
In addition, if the superpartners of the quarks, the squarks, or the gluon, the gluino,
can be directly produced in pp collisions, then their production dominates the cross
section leading to final states with multiple jets, large missing transverse momentum
and possibly leptons. This class of signature is treated in sect. 2. However, if SUSY
solves naturally the gauge hierarchy problem, i.e. without extensive fine-tuning of the
parameters, only the third generation squarks contributing mainly to the Higgs radiative
corrections are required to be light. Depending on the mass spectrum, it could be
that only third-generation squarks or third-generation squarks plus the gluino can be
produced at the LHC leading to more specific final states enhanced in heavy flavor
quarks. Those important specific cases are discussed in sect. 3. Finally, sect. 4 deals

c© CERN on behalf of the ATLAS Collaboration under CC BY-NC 3.0 341
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with more exotic final states involving a resonance such as can occur if R-parity is not
conserved, or long-lived particles obtained when the mass splitting between the lightest
and the next-to-lightest supersymmetric particles is sufficiently small that the particle
becomes quasi-stable.

2. – Generic strong production signatures

The ATLAS Collaboration is carrying out a set of analyses dedicated to the search
of supersymmetric particles produced via strong interaction and leading to the following
signatures:

– 0 leptons plus 2-6 jets and large missing transverse momentum [2,3],

– 0 leptons plus 6-8 jets and moderate missing transverse momentum [4,5],

– 1 lepton plus 2-4 jets and large missing transverse momentum [6,7],

– 2 same-sign leptons plus 4 jets and large missing transverse momentum [8],

where a lepton means an isolated electron or muon. Although SUSY particles are pro-
duced via strong processes, leptons could appear during the cascade decays when gauginos
or sleptons are produced. Since no excess has been observed, all results were interpreted
in a number of models and exclusion limits were set. The most common approach is
to interpret the results in the MSUGRA/CMSSM model [9] which is modeled via 5 free
parameters. The limits are set in a plane spanned by a common scalar mass parameter at
the GUT scale m0 and a common gaugino mass parameter at the GUT scale m1/2. The
three remaining free parameters are defined to a constant value; A0 = 0 for the common
trilinear coupling parameter, μ > 0 for the Higgs missing parameter, and tan(β) = 10
for the ratio of the vacuum expectation values of the two Higgs doublets. Figure 1 shows
on its left the limits obtained for the different channels studied by ATLAS.

Another common approach is to consider the MSSM keeping only a subset of SUSY
particles and possible decays within reach. The right part of fig. 1 shows results ob-
tained with an example of such a model where only the gluino, one common first or
second generation squark and the lightest neutralino are considered. Limits are set as
a function of the gluino and squark masses when the LSP is massless. For all models
and analyses, the CLs prescription [10] is used to derive 95% Confidence Level (CL)
exclusion regions. Signal cross sections are calculated to next-to-leading order in the
strong coupling constant (NLO) [11] including the resummation of soft gluon emission
at next-to-leading-logarithmic accuracy (NLL) [12]. In the simplified model with light
neutralinos the limit on the gluino mass is approximately 940 GeV, and on the squark
mass is 1380 GeV. In the CMSSM/MSUGRA case, equal mass squarks and gluinos are
excluded below 1400 GeV.

3. – Signatures involving third-generation supersymmetric particles

As has been mentioned in the introduction, one of the most important motivations for
TeV-scale supersymmetry is the fact that SUSY might provide a “natural” way to solve
the gauge hierarchy problem, limiting sensitivity of the Higgs boson mass to radiative
corrections. To stabilize the Higgs mass naturally, the necessary ingredients should be
a relatively light top quark partner, the stop, an associated sbottom quark not much
heavier, and a gluino of mass not much larger than approximately 1.5 TeV. The masses
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Fig. 1. – Left: Exclusion contours in the MSUGRA/CMSSM m0-m1/2 plane for A0 = 0, tan(β) =
10 and μ > 0 [7]. Results are shown for three different analyses with 0 leptons plus 2–6 jets
plus missing momentum, 0 leptons plus 6–8 jets plus missing momentum, and 1 lepton plus 2–4
jets plus missing momentum. Right: 95% CLs exclusion limits obtained in a simplified MSSM
scenario with only strong production of gluinos and first- and second-generation squarks, and
direct decays to jets and neutralinos [3].

of other SUSY particles are not significantly constrained by the Higgs mass and can be
set to much heavier masses. This model leads, depending on the mass hierarchy of the
different remaining particles, to the characteristic signatures:

– If the gluino is sufficiently light, pair production of gluinos decaying subsequently
into bottom and top quarks via on-shell or off-shell sbottoms and stops. A large
number of b-tagged jets, large missing transverse momentum and possibly leptons
(when top quarks decay leptonically) are expected in the final state leading to
striking signatures.

– If the gluino is too heavy, the only remaining production process is the direct
production of a pair of sbottoms or stops. The former case leads possibly to a final
state with exactly two bottom quarks and large missing transverse momentum. The
latter case is more complicated to constrain due to its similarity with top quark
pair production and the large number of possible decay processes.

Whichever is the decay process, results are interpreted in term of simplified models where
only the relevant SUSY particles are considered. Gluino-mediated sbottom pair produc-
tion is tested in channels with no lepton, at least three jets, large missing transverse
momentum and at least one or two b-tagged jets [13]. Figure 2 on the left shows the
exclusion limits obtained in a MSSM model where the gluino decays exclusively into
the lightest sbottom and a bottom quark, and the sbottom decays into a bottom and
a neutralino. The neutralino mass is set to 60 GeV. Gluino masses below 920 GeV are
excluded for sbottom masses up to about 800 GeV. In order to constrain the gluino-
mediated stop pair production, two channels are used, either with one lepton, at least
four jets, large missing transverse momentum and one b-tagged jet, or with two same-
sign leptons, at least four jets, and large missing transverse momentum. Results are
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interpreted in a MSSM model with each gluino decaying into a stop and a top, a stop
decaying into a bottom quark and a chargino, and a chargino decaying to the neutralino
plus a W. Figure 2 on the right shows the exclusion limits in the mg̃-mt̃1

plane with
the chargino and neutralino masses set to m(χ̃±

1 ) = 2 · m(χ̃0
1) and m(χ̃0

1) = 60 GeV,
respectively. Gluino masses below 660 GeV are excluded for stop masses up to about
460 GeV. The search for sbottom pair production has been performed when assuming
that the sbottom fully decays into a bottom quark and the lightest neutralino leading
to a characteristic signature with exactly two b-tagged jets and large missing transverse
momentum [14]. Results are interpreted in the plane m(b̃1)−m(χ̃0

1) and shown in fig. 3
(left). Sbottom masses up to 390 GeV are excluded for neutralino masses below 60 GeV.
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For a given flavor, third generation SUSY particles are generally lighter than the
first and second generation sparticles because of the mixing between the left-handed and
the right-handed states which is proportional to the Standard Model particle mass. In
particular, in Gauge Mediated Supersymmetry Breaking (GMSB) models [15], the SUSY
partner of the tau lepton, the stau, could be the next-to-lightest SUSY particle leading
to final states with a substantial number of tau leptons. In order to search for such a
possible scenario, channels with one or two hadronic tau candidates, multiple jets and
high missing transverse momentum have been designed [16, 17]. Since no excess was
found, results have been interpreted in the minimal GMSB model which is formalized as
a function of 6 free parameters: the SUSY breaking mass scale felt by the low-energy
sector Λ, the messenger mass Mmess, the number of SU(5) messengers N5, the ratio
of the vacuum expectation values tan(β), the Higgs sector mixing parameter μ, and
the scale factor for the gravitino mass Cgrav. Assuming Mmess = 250 TeV, N5 = 3,
μ > 0, and Cgrav = 1, exlusion limits are set in the Λ-tan(β) plane and shown on
fig. 3(right).

4. – Exotic signatures with resonances or long-lived particles

While most signatures studied in sects. 2 and 3 incorporate requirements for signif-
icant missing transverse momentum, this constraint can be evaded in some supersym-
metric scenarios and require specific search studies. This is the case when R-parity is
violated and the SUSY particle promptly decays to Standard Model particles. There are
many possible R-parity violating couplings, which can lead to numerous possible final
states. As an example, lepton and baryon violating couplings although constrained by
precision electroweak data could exist and lead to the direct production of eμ pairs either
via exchange of an s-channel tau neutrino SUSY partner ν̃τ exchange [19] or via exchange
of a t-channel top quark SUSY partner t̃1 [20]. The s-channel ν̃τ exchange leads to a final
state with an eμ resonance, while the t-channel t̃1 exchange results in an eμ continuum
excess. Figure 4 (left) shows the upper limit obtained on σ(pp → ν̃τ ) × BR(ν̃τ → eμ)
as a function of m(ν̃τ ). Assuming coupling values λ311 = 0.10 and λ312 = 0.05, tau
sneutrinos with a mass below 1.32 TeV are excluded.
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Fig. 5. – Mass reach of ATLAS searches for Supersymmetry [28]. Only a representative selection
of the available results is shown.

Another SUSY search strategy involves seeking long-lived SUSY particles inside the
ATLAS detector. Depending on the lifetime and the nature of the SUSY particle, the
ATLAS Collaboration has been searching for displaced vertices [21], for kinked or disap-
pearing tracks [22, 23], and for stable massive particles [24-26]. Kinked or disappearing
tracks could exist in Anomaly Mediated Supersymmetry-Breaking (AMSB) models [27]
when the lightest chargino χ̃±

1 and the lightest neutralino χ̃0
1 are almost degenerate. Re-

sults are interpreted as a function of the chargino mass and lifetime and upper limits are
set on the cross-section as a function of these parameters as shown in fig. 4 (right). Other
parameters from the minimal AMSB model are set to m3/2 = 32 TeV for the gravitino
mass, m0 = 1.5 TeV for the universal scalar mass, tan(β) = 10 for the ratio of Higgs
vacuum expectation values, and μ > 0 for the sign of the higgsino mass term.

5. – Conclusion

Key figures from ATLAS supersymmetry searches are summarized in fig. 5 [28]. No
evidence for supersymmetry has been found but new data with increased centre-of-mass
energies and the study of new channels will bring new opportunities for the discovery of
a potential excess.
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Summary. — An extension of the Standard Model based on U(1)′ gauge sym-
metry, predicting a new heavy boson Z′, in the TeV mass range, is discussed in
this paper. Particular attention is devoted to the Z′ decays into supersymmetric
channels in addition to the Standard Model modes, so far investigated. The D-term
contribution, due to the breaking of U(1)′, is taken into account for slepton and
squark masses and its effect is investigated on Z′ decays into sfermions. The Z′

production cross section at the Large-Hadron Collider at center of mass energies of
8 and 14TeV is calculated and the corresponding expected number of events con-
taining a Z′ decaying into supersymmetric particles for some integrated luminosity
are predicted.

PACS 14.70.Pw – Other gauge bosons.
PACS 12.60.Jv – Supersymmetric models.
PACS 13.85.-t – Hadron-induced high- and super-high-energy interactions (energy
> 10 GeV).

1. – Introduction

The validity of the Standard Model (SM) of the strong and electroweak interactions
has been so far experimentally tested with success using LEP, Tevatron, LHC (Large-
Hadron-Collider) data. Nevertheless, many extensions of the SM have been proposed,
involving a gauge group of larger rank, the introduction of one extra string-inspired
U(1)′ factor, which leads to the prediction of a new neutral gauge boson Z ′ (see, e.g., [1]).
Moreover, the Sequential Standard Model (Z ′

SSM), i.e. a heavy gauge boson with the same
couplings to fermions and gauge bosons as the Z of the SM, has been, as well, investigated.
The experimental limits on the new boson reached are in the range approximately 1.5 TeV
for the string-inspired scenario and 1.8 TeV for the SM-like case [2-5]. All these bounds
on the Z ′ mass, mZ′ , rely on the assumption that the Z ′ decays into Standard Model
particles, with branching ratios depending on its mass and, in the string-like case, on
the parameters characterizing the specific U(1)′ model. But, there is no actual reason to

c© Società Italiana di Fisica 349
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exclude Z ′ decays into channels beyond the SM, such as its supersymmetric extension, the
Minimal Supersymmetric Standard Model (MSSM). This new physics contributions to
the Z ′ width significantly decreases the branching ratios into SM particles, and therefore
the mass limits quoted by the experiments may have to be revisited.

The aim of this paper is the investigation of the phenomenology of Z ′ bosons at the
LHC, assuming that they can decay into both SM and supersymmetric particles, as in the
MSSM [6]. The Z ′ decays into supersymmetric particles, if existing, represent an excellent
tool to investigate the electroweak sector at the LHC in a phase-space corner that cannot
be explored by employing the usual techniques. Through this work, particular care will
be taken about the decay of the Z ′ into leptonic final state. Here, only the main points
are summarized referring to the original paper for a more extensive description [7].

2. – Z ′ production and decay

In this section the extensions of the Standard Model leading to Z ′ bosons, allowing
the decays into both standard and supersymmetric particles (MSSM) and its properties
are summarized.

2.1. U(1)′ models. – There are several possible extensions of the SM that can be
achieved by adding an extra U(1)′ gauge group, typical of string-inspired theories, each
model is characterized by the coupling constants, possibly of the same order as the elec-
troweak scale, the breaking scale of U(1)′ and scalar particle responsible for its breaking,
the quantum numbers of fermions and bosons according to U(1)′. The most experimen-
tally investigated models are characterized by an angle θ and a Z ′ boson which can be
expressed as

(1) Z ′(θ) = Z ′
ψ cos θ − Z ′

χ sin θ.

Each value of the mixing angle θ corresponds to a U(1)′ group and leads to a different
Z ′ phenomenology. The most widely used models, with their corresponding mixing
angle, are: Z ′

η (arccos
√

5/8), Z ′
ψ (0), Z ′

N (arctan
√

15 − π/2), Z ′
I (arccos

√
5/8 − π/2),

Z ′
S (arctan(

√
15/9) − π/2), Z ′

χ (−π/2).
The charge of a field Φ is expressed through the same mixing angle θ as: Q′(Φ) =

Qψ(Φ) cos θ − Qχ(Φ) sin θ. with Qψ and Qχ charge values for standard and supersym-
metric particles quoted in [6].

Another model which is experimentally investigated is the so-called Sequential Stan-
dard Model (SSM), with the new boson Z ′

SSM heavier than the Z boson, but with the
same couplings to fermions and gauge bosons as in the SM.

In the following, in addition to the SM groups coupling constants g1, g2 (g1 =
g2 tan θW , θW being the Weinberg angle), is considered that to the U(1)′ group,

g′ =
√

5
3g1 [6].

The Z and Z ′ are assumed to correspond, within a very good approximation, to the
mass eigenstates.

2.2. Particle content of the Minimal Supersymmetric Standard Model . – The MSSM
contains the supersymmetric partners of the SM particles: sfermions, as sleptons �̃ and
ν̃� (� = e, μ, τ), squarks q̃ and gauginos g̃, W̃±, Z̃ and γ̃. It requires two Higgs doublets,
which, after giving mass to W and Z bosons, lead to five scalar degrees of freedom,
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usually parametrized in terms of two CP -even neutral scalars, the lighter h and H, one
CP -odd neutral pseudoscalar A and a pair of charged Higgs bosons H±. Each Higgs will
have a supersymmetric fermionic partner, named higgsino.

The weak gauginos mix with the higgsinos to form the corresponding mass eigenstates:
two pairs of charginos (χ̃±

1 and χ̃±
2 ) and four neutralinos (χ̃0

1, χ̃0
2, χ̃0

3 and χ̃0
4), where χ̃0

1

is the lightest and χ̃0
4 the heaviest. The lightest neutralino, i.e. χ̃0

1, is often assumed to
be the stable Lightest Supersymmetric Particle (LSP).

3. – Extending the MSSM with the extra U(1)′

In this section, few relevant points are summarized important for our discussion,
referring to the work in [6] for more details.

3.1. Higgs bosons in the MSSM and U(1)′ model . – As debated above, the MSSM
itself predicts two Higgs doublets, whereas a third Higgs boson is required to break the
U(1)′ gauge symmetry and give mass to the Z ′ boson. Then, the scalar components of
the three Higgs bosons are two weak-isospin doublets Φ1, Φ2 and one singlet, Φ3. The
vacuum expectation values of the neutral Higgs bosons will be given by 〈φ0

i 〉 = vi/
√

2,
with v1 < v2 < v3.

The superpotential, which in the MSSM contains a Higgs coupling term giving rise to
the μ parameter, because of the extra Higgs field Φ3 presents an additional contribution
W = λΦ1Φ2Φ3, leading to a trilinear scalar potential for the neutral Higgs bosons Vλ =
λAφ0

1φ
0
2φ

0
3. The parameter λ is related to the usual μ term by means a relation, μ = λv3√

2
,

involving the vacuum expectation value of the third Higgs [6].
After the symmetry breaking and giving mass to W , Z and Z ′ bosons,in the model,

there are: two charged (H±), and four neutral Higgs bosons, one pseudoscalar A and
three scalars h, H and H ′. The mass of the heaviest H ′ is typically about the Z ′ mass,
and therefore the Z ′ will not be able to decay into channels containing H ′. Moreover, the
introduction of the extra Higgs field Φ3 singlet has impact also on the the other Higgs
masses.

3.2. Neutralinos and charginos. – Besides the four neutralinos of the MSSM, χ̃0
1, . . . ,

χ̃0
4, two extra neutralinos are required, namely χ̃0

5 and χ̃0
6, associated with the Z ′ and with

the extra neutral Higgs breaking U(1)′. Their mass eigenstates are obtained diagonalizing
a 6×6 matrix, depending on the Higgs vacuum expectation values, on the gaugino masses
M1, M2 and M ′, and on the Higgs U(1)′ charges. As the extra Z ′ and Higgs are neutral,
the chargino sector of the MSSM remains unchanged even after adding the extra U(1)′

group.

3.3. Sfermion masses. – In many models for supersymmetry breaking, one typically
expresses the sfermion squared mass as the sum of a soft term, m2

0, often set to the same
value for both squark and sleptons at a given scale, and a correction, called D-term,
which, for the purposes of our study, consists of two contributions. A first term is a
correction due to the hyperfine splitting driven by the electroweak symmetry breaking and
is already present in the MSSM [7]. A second contribution to the D-term is present once
one has extensions of the MSSM, such as our U(1)′ group, and is due to the Higgs bosons,
which are necessary to break the new symmetry: Δm̃′2

a = g′2

2 (Q′
1v

2
1+Q′

2v
2
2+Q′

3v
2
3), where

Q′
a is the charge of the fermion a under U(1)′ and Q′

1, Q′
2 and Q′

3 are the U(1)′ charges
of the three neutral Higgs bosons. In the Sequential Standard Model, only the first
contribution to the D-term will be evaluated.
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Left- and right-handed sfermions in general mix, and therefore, in order to obtain the
mass eigenstates, the squared mass matrix has to be diagonalized. As in ref. [6], it is
assumed a common soft mass at the Z ′ scale and the D-term contribution it is added
to it. As an example, the expression for the matrix elements in the case of an up-type
squark is

(
M ũ

LL

)2
=

(
m0

ũL

)2
+ m2

u +
(

1
2
− 2

3
xw

)
m2

Z cos 2β + Q′
ũL

Δm̃′2
ũL

(2)

(
M ũ

RR

)2
=

(
m0

ũR

)2
+ m2

u +
(

1
2
− 2

3
xw

)
m2

Z cos 2β + Q′
ũR

Δm̃′2
ũR

(3)

(
M ũ

LR

)2
= mu(Au − μ cot β).(4)

where xw = sin2 θW , m0
ũL,R

is the ũL,R mass at the Z ′ energy scale and Af = muAu is the
coupling constant entering in the Higgs-sfermion interaction term. The dependence on
mZ′ and the mixing angle θ is embedded in the Δm̃D′ term. Analogous expressions hold
for down squarks and sleptons [6]; after diagonalizing the corresponding mass matrix,
the up-squark mass eigenstates are named as ũ1 and ũ2 and their masses as mũ1 and
mũ2 . As the mass of light quarks and leptons is very small, the mixing term, eq. (4), is
negligible and the mass matrix of sleptons and light squarks is roughly diagonal.Instead
the mixing term MLR for top squarks is relevant, and therefore the stop mass eigenstates
t̃1,2 are in general different from the weak states t̃L,R. In the other cases is t̃1,2 ≈ t̃L,R.

In conclusion, the U(1)′ group addition implies an additional heavy Higgs, H ′, two ex-
tra neutralinos are required and as for the sfermions, an extra contribution, the so-called
D-term, to squark and slepton masses, depending on the U(1)′ sfermion charges and
Higgs vacuum expectation values. This D-terms has a crucial impact on sfermion masses
and, whenever large and negative, they may even lead to discarding some MSSM/U(1)′

scenarios.

4. – Representative point

The analysis on Z ′ production and decays into SM and MSSM particles depends on
U(1)′, MSSM several parameters, among them the Z ′ or MSSM masses; the experimental
searches for physics beyond the Standard Model set exclusion limits on such quantities.

In the following, it is considered a specific configuration of the parameter space, the so-
called “Representative Point”, to study the Z ′ phenomenology with non-zero branching
ratios in the more relevant SM and MSSM decay channels. Then, each parameter is
varied individually, fixing the others to the following values:

mZ′ = 3TeV, θ = arccos

√
5
8
− π

2
, μ = 200, tan β = 20,(5)

Aq = A� = Af = 500GeV,

m0
q̃L

= m0
q̃R

= m0
�̃L

= m0
�̃R

= m0
ν̃L

= m0
ν̃R

= 2.5TeV,

M1 = 100GeV, M ′ = 1TeV.

where by q and � denote any possible quark and lepton flavor, respectively. The gaug-
ino masses M1 and M2 satisfy, within very good accuracy, the GUT-inspired relation:
M1
M2

= 5
3 tan2 θW ,then M2 = 200 GeV. The Beyond-Standard-Model (BSM) particle
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Table I. – Masses in GeV of non-Standard Model particle masses in the MSSM/U(1)′ scenarios,
at Reference Point eq. (5).

mũ1 mũ2 md̃1
md̃2

m�̃1
m�̃2

mν̃1 mν̃2

2499.4 2499.7 2500.7 1323.1 3279.0 2500.4 3278.1 3279.1

mχ̃0
1

mχ̃0
2

mχ̃0
3

mχ̃0
4

mχ̃0
5

mχ̃0
6

m
χ̃±
1

m
χ̃±
2

94.6 156.5 212.2 260.9 2541.4 3541.4 154.8 262.1

mh mA mH mH′ mH±

90.7 1190.7 1190.7 3000.0 1193.4

masses with eq. (5) setting are summarized in table I and some parameter dependence
is discussed in the following. A complete study is in ref. [7].

4.1. Sfermion masses. – The sfermion masses are given by the sum of a common
mass, set to the same values for all squarks and sleptons at the Z ′ scale, as in eq. (5),
and the D-term. In fact, the D-term, and then the sfermion squared masses, is expected
to depend strongly on the U(1)′ and MSSM parameters, and can even become negative,
then leading to an unphysical (imaginary) sfermion mass.

Figure 1, left, shows the remarkable dependence of all slepton masses on θ, U(1)′

mixing angle. The regions of small and large θ have been discarded in the plots, since
they would correspond to a negative, and thus unphysical, squared mass. The squark (ũ
and d̃, t̃) masses dependence on θ mixing angle is also important [7]. In this particular
point of parameter space (eq. (5)), the mixing term is negligible and therefore the t̃1,2

masses are roughly equal to the masses of the other up-type squarks. The D-term
correction and then sfermion masses, is also function of Z ′ mass, this dependence is
shown in fig. 1, right.

The sfermion masses are monotonically increasing function on the m0
q̃,�̃

mass, as ex-

pected. being the D-term negligible for ũ1, ũ2, d̃1 and �2.

4.2. Neutralino and chargino masses. – The neutralino masses, unlike the sfermion
masses, depend also on M1, M2 and M ′. The Z ′ decays into χ̃0

5 and χ̃0
6 are prevent for
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Fig. 1. – Dependence on the U(1)′ mixing angle θ of slepton masses (left) and sfermion masses
on the Z′ mass (right).
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their masses, unlike those into the lighter, table I, then will be not considered in the
following.

The dependence of the neutralino masses on the mixing angle θ is negligible, whereas
the actual value of the mZ′ and M ′ affects significantly only χ̃0

5 and χ̃0
6. The masses of χ̃0

5

and χ̃0
6 are linearly increasing functions of mZ′ , whereas they exhibit opposite behavior

with respect to M ′, as mχ̃0
5

increases and mχ̃0
6

decreases.
The variation of the other four neutralino masses with respect to M1, or equivalently

M2, exhibits a step-like behavior.
As discussed before, the chargino sector stays unchanged even after the introduction

of the neutral boson Z ′, therefore their masses don’t depend on θ, mZ′ , M ′.

4.3. Higgs masses. – An additional Higgs, H ′, U(1)′-inherited is present respect to
MSSM framework. The Z ′ decays into it are prevent, due to is mass about 3 TeV,
approximately equal to mZ′ in all tanβ range. The other decay channels containing
Higgs are kinematically accessible, table I.

The mass of the lightest scalar Higgs (mh) is roughly independent of both tanβ and
μ, being of the order of mZ and the others H, A and H± have a common mass of about
1190.0 GeV. The heavier MSSM Higgs H mass is physical, i.e. its mass squared positive
only for positive values of μ. Then, in the following we only the positive space (μ > 0)
is discussed.

4.4. Branching ratios in the Representative Point . – From sect. 4.1 it is possible to
conclude that all up-type, including the stop, and down-type squark masses are degen-
erate; therefore are denoted in the following as mũi

and md̃i
, regardless of the flavor.

At this point, it is possible calculate the Z ′ widths into the kinematically allowed
decay channels.

The SM Z ′ decays are the same of Z boson, quark or lepton pairs, but in addition,
due to its higher mass the WW decay is permitted.

Furthermore, the extended MSSM allows Z ′ decays into sfermions, i.e. f̃if̃
∗
j (f =

u, d, �, ν), neutralino (χ̃0
1,2,3,4), chargino (χ̃+χ̃−), or Higgs (hh, HH, hH, hA, HA, H ′A,

H+H−) pairs, as well as into states with Higgs bosons associated with W/Z, such as
Zh, ZH and H±W∓. Summing up all partial rates, one can thus obtain the Z ′ total
width and the branching ratios into all allowed decay channels. Several decay channels
are forbidden for phase space limitations.

The Z ′ kinematically not accessible decay states (from table I) as into up-type squarks
and sleptons, the heaviest neutralinos and U(1)′-inherited Higgs H ′ have a null branching
fraction. The only allowed decay into sfermion pairs is the one into down-type squarks
d̃2d̃

∗
2. Despite is kinematically permitted, the branching ratios into up-type is null because

the partial widths [6] are weighted by a null coefficient in the Z ′
I model.

Since, at a scale of 3 TeV, one does not distinguish the quark or lepton flavor,
the branching ratios summed over all possible flavors, in brackets, are: uū (0.0%), dd̄
(40.67%), �+�− (13.56%) and νν̄ (27.11%). Likewise, ũũ∗ (0.0%), d̃d̃∗ (9.58%), �̃�̃∗ (0.0%)
and ν̃ν̃∗ (0.0%) are their MSSM counterparts.

The most significant branching ratios into neutralinos are χ̃0
2χ̃

0
3 (2.13), χ̃0

3χ̃
0
3 (1.75),

χ̃0
3χ̃

0
4 (1.34), into chargino χ̃±

1 χ̃∓
1 (1.76) and χ̃±

1 χ̃∓
2 (1.95) The χ̃0

1χ̃
0
1 has a small rate and

is experimentally invisible.
Summarizing, at the Representative Point, the SM decays account for about the 77%

of the total Z ′ width, and the BSM ones the remaining 23%. These are splitted into
down quark decays (∼ 9%) into charginos(4.2%) and neutralinos (8.4%). The Z ′ decays
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Fig. 2. – Dependence of the Z′ decay rates on the U(1)′ mixing angle θ (left) SM modes; BSM
channels (right).

into Higgs are characterized from negligible branching fractions: H+H− and HA are
about 0.5%, H±W∓ only 0.1% and even more modest rate(O(10−7)) is due to Higgs
gauge boson decays, hZ, ZH, hA.

The validity of these considerations, obtained in a particular configuration (Reference
Point, eq. (5)) can be extended in a more general context. On these basis, it is possible
conclude that the Z ′ BSM branching fractions are not negligible and consequently have
to be accounted in the search for new physics.

At this point, it is interesting to investigate the dependence of the branching fractions
into standard model and supersymmetric particles on the U(1)′ and MSSM parameters,
at Reference Point (eq. (5)), varying individually one parameter at time. In fig. 2,
the dependence of the branching ratios on the parameter θ, the model parameter, are
presented for SM (left) and BSM (right) decays.

5. – Z ′ decays into final states with leptons

Leptonic final states are typically the golden channels for the LHC experimental
searches. Therefore, the decays of the Z ′ into supersymmetric particles, leading to final
states with charged leptons and missing energy, due to the presence of neutralinos or
neutrinos are investigated.

The two charged lepton final state may originate from primary decays Z ′ → �̃+�̃−

followed by �̃± → �±χ̃0
1 or from chargino chain decays Z ′ → χ̃±

2 χ̃∓
2 with a subsequently

decay of χ̃±
2 → �±χ̃0

1.
The four charged lepton final state is originated from sneutrino, ν̃, decays or Z ′ →

ν̃2ν̃
∗
2 with a subsequent decay chain ν̃2 → χ̃0

2ν, and χ̃0
2 → �̃+�̃−χ̃±

1 and finally �̃± → �±χ̃0
1.

At same four lepton final is contributing as well the Z ′ decays into neutralino. The SUSY
decay chain is Z ′ → χ̃0

2χ̃
0
2 with subsequent χ̃0

2 → �̃±�̃∓ and �̃± → �±χ̃0
1 processes. In

the following, it is performed the study of Z ′ decays into leptonic final states for a given
set of the MSSM and U(1)′ parameters, in the various models of sect. 2.2, varying m0

�̃
,

the initial common slepton mass, at various mZ′ values. The same set of parameters as
eq. (5) but mq̃ = 5 TeV and M1 = 150 TeV are used.

– Reference Point: Model Z ′
η. The Z ′ boson cannot decay into charged slepton be-

cause of phase space limitations, but the Z ′ decays into charginos and neutralinos are
accessible, with a branching ratios about 5–6% and up to 10–12%, respectively. Decays
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Fig. 3. – Branching ratio of the Z′
ψ boson into charged slepton (left) sneutrino (right) pairs as

a function of the initial condition for the slepton mass, m0
�̃
, and for several values of mZ′ .

into WW pairs, or Higgs bosons associated with Z’s are also permitted, with rates about
3%. The sneutrinos branching fraction decreases at higher m0

�̃
results in an enhance-

ment of the SM branching ratios into qq̄ and νν̄ pairs. Summing up the contributions
from sneutrinos, charginos and neutralinos, the branching ratio into non-standard model
particles, BRBSM, runs from 24 to 33%, confirming the relevance of these decays in any
analysis accounting for Z ′ production in a supersymmetric scenario.

– Reference Point: Z ′
ψ. In this case, the supersymmetric decays into charged slepton

and neutral slepton pairs have the same branching fractions (∼ 2%). Furthermore, even
the decays into gauginos are relevant, with the branching fractions into χ̃+χ̃− and χ̃0χ̃0

being about 10 and 20%, respectively. The rates into boson pairs, i.e. Zh and WW , are
also non-negligible and account for about 3% of the total decay probability.

As a whole, the Z ′
ψ modeling, above depicted, yields branching ratios about 35–

40% into BSM particle, and therefore it may look like being a promising scenario to
investigate Z ′ production within the MSSM. Figure 3 finally displays the branching
ratios into sneutrinos and charged sleptons as a function of m0

�̃
and for several values of

mZ′ .
– Reference Point: Z ′

N. Both decays into pairs �̃2�̃
∗
2 and ν̃2ν̃

∗
2 are kinematically al-

lowed, whereas �̃1 and ν̃1 are too heavy to be produced in Z ′ decays. The D-term addition
to the initial condition for slepton mass, m0

�̃
, has an opposite effect on the two lepton mass

eigenstates; increases the �̃1, ν̃1 values and decreases �̃2. Its impact on ν̃2 is neglegible,
consequently it is possible assume mν̃2 � m0

�̃
. Although, the Z ′ → ν̃2ν̃

∗
2 is kinematically

allowed, the coupling Z ′ to sneutrinos is zero, as the corresponding branching fractions.
As for the other supersymmetric decay channels, the rates into charginos and neutrali-
nos are quite significant and amount to about 9% and 18%, respectively. The decays
into WW and Zh states account approximately 1–2%, whereas the branching ratio into
charged slepton pairs just about 1%, even in the most favorable case. As a whole, the
rates into BSM final states run from 28 to about 35%, thus displaying a quite relevant
contribution to the total Z ′ cross section.

– Reference Point: Z ′
I. This model has been extensively discussed as Representative

Point, in sect. 4. It exhibits the property that the initial slepton mass m0
�̃

can decreases
as low few GeV, still preserving a physical scenario for the sfermion masses. D-term
correction to the slepton mass is quite relevant for �̃1, ν̃1 and ν̃2, especially for small
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values of m0
�̃
, whereas it is quite irrelevant for the �̃2 case. As the D-term turns out to be

positive and quite large, this has the result that the only kinematically permitted decay
would Z ′ → �̃2�̃

∗
2. Unfortunately, with the same arguments discussed for Z ′

N model, the
coupling of the Z ′ to �̃2 is null, preventing the slepton production in Z ′ decays, as this
scenario is concerned.

In conclusion, Z ′ can decay neither in neutral neither in charged slepton. Therefore,
the dependence on m0

�̃
is uninteresting. The total BRBSM ratio lies between 12 and

17% and is mostly due to decays into chargino (∼ 4%) and neutralino (∼ 8–9%) pairs.
Decays involving supersymmetric Higgses as H+H−, WH, HA are possible, but with a
negligible branching ratio at lower Z ′ masses, reaching at most ∼ 3% for mZ′ > 4 TeV.

– Reference Point: Z ′
S. As in Z ′

I model, the initial slepton mass m0
�̃

can reach few
GeV, still having a meaningful supersymmetric spectrum. Consequently, the m0

�̃
low

limit is chosen at 200 GeV, on basis of direct limit set by experimental searches. The
Z ′

S decay rates are roughly independent of initial slepton mass. The D-term impact on
slepton masses is always positive, having an important effect on m�̃1

, mν̃1 , mν̃2 , but
limited on m�̃2

. Then, Z ′ → �̃2�̃
∗
2 is the only decay kinematically allowed. in the leptonic

sector. However, the branching ratio into charged sleptons is very small, about 0.1%,
even for low m0

�̃
values.

As for the other BSM decay modes, the most relevant are the chargino (∼ 3%) and
neutralino (∼ 6–7%) pairs, being the others quite negigible. For mZ′ = 5 TeV branching
ratio into squark pairs is important, roughly 8%. The D-term for d̃2-type squarks is
negative, and at large values of the Z ′ mass, as 5 TeV, became important and allowing
the decays into d̃2d̃

∗
2. The slepton branching ratios are small for any mZ′ and independent

of the slepton mass.
As a whole, one can say that, in this case, for mZ′ < 5 TeV the non-standard model

decay rate is about 10–12%, becaming higher at larger Z ′ masses, even above 20%, due
to the opening of the decay into squark pairs. The experimental signature of squark pro-
duction is jets final state, difficult to separate from the QCD SM backgrounds. Therefore,
this scenario seems, therefore, not very promising for a possible discovery of supersym-
metry via Z ′ decays.

– Reference Point: Z ′
χ. The U(1)′ group, Z ′

χ does not lead to a meaningful sfermion
scenario within our parametrization, as the sfermion masses are unphysical after the
addition of the D-term. For any mZ′ , the rates into quark and neutrino pairs are the
dominant (∼ 40–45%), whereas the branching ratio into lepton states is approximately
12% and the other modes (WW , Zh, HA and H±H∓) accounting for the remaining
1–3%. As a whole, the Z ′

χ model is not adequate for possible supersymmetry analysis.
– Reference Point: Z ′

SSM. This model is considered as benchmark, since the produc-
tion cross section just depends only on the Z ′ mass, neither on the mixing angle θ, neither
on possible new physics parameters, as MSSM. As for the supersymmetric sector, the
sfermion masses get the D-term part originated from the hyperfine splitting contribu-
tion, and not that from MSSM further extensions. Moreover, the Z ′ coupling constant to
the sfermions can be simply written as gSSM = g2/(2 cos θW ). As the hyperfine-splitting
D-term is not too large, the sfermion spectrum is physical, even at very small m0

�̃
values.

At m0
�̃

= 100 GeV, including the D-term, mν̃1 decreases by about 25%; m�̃1
, m�̃2

undergo to slightly positive variation; mν̃2 is roughly unchanged. At larger m0
�̃

values,
D-term effect on all slepton masses is negligible and are approximatly equal to initial
slepton mass, m0

�̃
.
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Fig. 4. – Cross section (logarithmic scale) of Z′ production in pp collisions at the center-of-mass
energy

√
s = 8 TeV (left) and

√
s = 14TeV (right), for various models (see text).

The decays into non-standard model particles, BBSM, exhibit rates, about 60–65%,
BRSM higher than the standard model ones, 35–40%. The BBSM is composed mostly from
decays into neutralinos (∼ 30%) and charginos (∼ 16–18%), with a more limited contri-
bution into sneutrinos (∼ 4%) and charged sleptons (1–2%). Other channels involving
Higgs and gauge boson are contributing as WW (4–5%), H+H− (3%) for mZ′ > 2.5 TeV,
Zh and hA (1–4%) mZ′ > 1.5 TeV.

6. – Cross sections and event rates at the LHC

In this section, the Z ′ total production cross section at the LHC is presented according
to the several models discussed through this paper (sect. 2.2), including the Sequential
Standard Model. The pp collisions at two center-of-mass energies:

√
s = 8 TeV (2012 run)

and
√

s = 14 TeV, the ultimate project energy, are considered. For these two values, the
cross sections are calculated and the expected number of events with Z ′ decaying into
supersymmetric particles, with few integrated luminosities,

∫
Ldt are estimated.

6.1. Leading-order Z ′ production cross section. – The cross sections is calculated at
leading order (LO) with, for consistency, the LO parton distribution functions CTEQ6L.
Different LO PDFs have a negligible impact on the cross section results. In the calcula-
tions, the factorization is set equal to the Z ′ mass.

As far as the total cross section is concerned, the parton-level process is analogous to
Z production, i.e. it is the purely SM quark-antiquark annihilation qq̄ → Z ′.

Since the coupling of the Z ′ to the quarks depends on the specific U(1)′ scenario, the
production rate is a function of the mixing angle θ, and of the Z ′ mass, but not of the
MSSM parameters.

Figure 4 presents in logarithmic the total cross section for the different models, in-
cluding the SSM, as a function of mZ′ at

√
s = 8 TeV (fig. 4, left) and 14 TeV (fig. 4,

right). The highest production cross section corresponds to SSM model, whereas the
lowest to Z ′

ψ model. The others model cross sections are lying between those and are
indistinguishable at large mZ′ value.

The cross section varies according mZ′ , center-of-mass energy and model.
The model choice has a more limited impact on the absolute value of cross section,

but there are important differences as function of
√

s. The change by several order of
magnitudes is present as function of Z ′ mass.
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Table II. – Number of supersymmetric particles (Ncasc and Nslep) at the LHC, for Z′ production
in different U(1)′ models as well as in the Sequential Standard Model as function of mZ′ in TeV,
at

√
s = 8TeV,

R

Ldt = 20 fb−1 and at
√

s = 14TeV,
R

Ldt = 100 fb−1.

Model mZ′ N
√

s=8TeV
casc N

√
s=8TeV

slep N
√

s=14TeV
casc N

√
s=14TeV

slep

Z′
η 1.5 523 – 13650 –

Z′
η 2 55 – 2344 –

Z′
ψ 1.5 599 36 10241 622

Z′
ψ 2 73 4 2784 162

Z′
N 1.5 400 17 9979 414

Z′
N 2 70 3 2705 104

Z′
I 1.5 317 – 8507 –

Z′
I 2 50 – 2230 –

Z′
S 1.5 30 – 8242 65

Z′
S 2 46 – 2146 16

Z′
SSM 1.5 2968 95 775715 24774

Z′
SSM 2 462 14 19570 606

6.2. Event rates with sparticle production in Z ′ decays at the LHC . – In the following,
the domain where the supersymetric Z ′ decays would be detectable is investigated. For
this purpose, two scenarios are considered:

√
s = 8 TeV with an expected integrated

luminosity,
∫
Ldt = 20 fb−1, as expected in 2012 LHC data taking and a future scenario√

s = 14 TeV with
∫
Ldt = 100 fb−1.

The number of expected events in this two scenarios is summarized in table II for
mZ′ = 1.5 and 2 TeV. As discussed in sect. 6, the leptonic final state can be yielded
by direct slepton decays or by a SUSY cascade originated from primary decays into
sneutrinos, charginos and neutralino pairs, (Ncasc = Nν̃ν̃∗ + Nχ̃+χ̃− + Nχ̃0χ̃0). Likewise,
Nslep is the number of events with a Z ′ decaying to charged-slepton pairs.

In both luminosity (energy) regimes, due to a large cross sections, the Sequential
Standard Model is the one yielding the highest number of events with production of
supersymmetric particles in Z ′ decays, up to O(105–104) at

√
s = 14 TeV with

∫
Ldt =

100 fb−1 and a Z ′ mass mZ′ = 1.5 TeV.
As already discussed (sect. 6) in the Z ′

η and Z ′
I models the Z ′ direct slepton decays are

prevented, as reflected in table II and the only supersymmetric decays are into sneutrino,
neutralino and chargino pairs. The direct slepton decays can be produced in Z ′

N model
and a few hundreds of them are expected in the high luminosity phase. In the Z ′

S scenario,
Z ′ boson leads to many cascade particles in the high luminosity regime, according to the
Z ′ mass and a few tenths of direct leptons.

Before concluding this subsection, it has to be pointed out that, although the numbers
in table II encourage optimistic prediction on the discovery of Z ′ decays into sparticles
specially in the high-luminosity phase, however, before drawing a conclusive statement
on this issue, it is necessary to carry out a study taking into account detector acceptance
and resolution, trigger, and analysis cuts on jets and leptons. Then, the result presented
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through this paper should be seen as a first step towards a more through investigation,
which requires, above all, the implementation of the models herein discussed into a Monte
Carlo event generator.

7. – Conclusions

In this paper, the production and decays of new neutral Z ′ boson, according to new
physics models based on a U(1)′ gauge group and to the Sequential Standard Model is
discussed. Decays in standard model and non-standard model particles are included. In
this perspective, all quoted experimental limits have to be revisited.

The extension of the Minimal Supersymmetric Standard Model with U(1)′ group
implies new features as an extra Higgs boson, two novel neutralinos and a modification
of the sfermion mass by a D-term, where the new features are embedded. All these
aspects have been studied as a function of various U(1)′/MSSM parameters, e.g. U(1)′

mixing angle θ, the Z ′ boson mass, M1, M2, M ′, the soft masses for the gaugino etc.
Only scenarios with all physical sfermion masses are considered.

A study, as a function of slepton and Z ′ masses, has been performed on the partial
widths and branching ratios of the Z ′, with attention to final states with charged leptons
and missing energy. These configurations are favorable to experimental detection in
hadronic events and can be yielded by intermediate charged sleptons or a SUSY cascade
through neutralinos, chargino, sneutrinos.

Then, the LO production cross sections in all investigated models has been evaluated
and an estimate of expected events at few centre-of-mass energy and integrated luminosity
has been provided. The result of this study is that for some models and parametrization,
one can even have 104–105 events with sparticle production in Z ′ decays.

As additional remarks, the Z ′ → �̃+�̃− decay present two interesting issues. One for
the determination of slepton masses having the additional constraint of the Z ′ mass.
The second is to explore the corner of the high region of slepton masses unreachable with
other productions.

In summary, this can be considered a useful starting point to study Z ′ production and
decay beyond the Standard Model, as well as within supersymmetric theories, drawing
a guideline for future experimental analysis.
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Summary. — We critically review the proton decay due to the scalar leptoquark
exchanges within SU(5) and flipped SU(5) frameworks to address the issue of the
model dependence of the relevant tree level operators. We quantify if, and when,
it is necessary to have the leptoquark mass close to a grand unification scale. We
summarize novel results regarding a possibility to have a collider accessible lepto-
quark without a rapid proton decay. The relevant state could be observed indirectly
through its influence on physical processes such as the forward-backward asymmetry
in tt̄ production due to an antisymmetric set of couplings to a pair of up-quarks. The
same leptoquark could affect the muon anomalous magnetic moment through the
interaction of a lepton-quark nature. We accordingly investigate whether both sets
of couplings can be simultaneously sizable without any conflict with matter stability.

PACS 13.30.-a – Decays of baryons.
PACS 12.10.Dm – Unified theories and models of strong and electroweak
interactions.

1. – Introduction

Scalar leptoquarks represent theoretically well-motivated source of new physics. Sim-
ply put, the leptoquark states take a quark into a lepton and vice versa. They are thus
ubiquitous in any framework that unifies elementary fermions of the Standard Model
(SM). We accordingly study these states in two different unification frameworks that
correspond to the SU(5) [1] and the flipped SU(5) [2-4], i.e., SU(5)×U(1), embeddings
of the matter fields. These two scenarios are general enough to cover other possible
(non)unifying schemes. Our aim is to present an excerpt from a comprehensive clas-
sification of scalar leptoquarks that simultaneously violate baryon (B) and lepton (L)
numbers where a role these have in proton decay processes is addressed [5].

The leptoquark states that simultaneously violate B and L tend to mediate proton
decay at tree level and are therefore taken to be very massive. However, it is possible
to have a viable SU(5) setup [6] with a very light leptoquark [7] that is in accord with
the experimental limits on proton stability. The color triplet weak singlet scalar in
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question could then contribute to tt̄ production [8] and explain the observed increase
of the forward-backward asymmetry [9, 10]. It could also have an impact on the muon
anomalous magnetic moment [11] that could reconcile experimental [12] and theoretical
results [13]. It might, however, (re)generate proton decay through the higher-order loop
diagrams that yield an effective d = 6 set of operators and a class of tree-level d = 9
operators. A question then is whether one can simultaneously address the tt̄ asymmetry
and the muon anomalous magnetic moment by using the very same leptoquark [5].

This contribution is organized as follows. In sects. 2 and 3 we list all scalar lepto-
quarks associated with proton decay in SU(5) and flipped SU(5) and give examples of the
Yukawa couplings to the SM fermions for leptoquarks from one representation. In sect. 4
we introduce the effective dimension-six operators for proton decay and calculate asso-
ciated effective coefficients for certain leptoquark states. There we also present current
experimental lower bounds on the color triplet leptoquark mass within phenomenologi-
cally realistic SU(5) and flipped SU(5) scenarios. In sect. 5 we study leptoquarks that
do not contribute to proton decay at leading order. We conclude in sect. 6.

2. – Leptoquarks in SU(5)

The scalars that couple to matter at tree-level in SU(5) reside in 5-, 10-, 15-, 45-
and 50-dimensional representations because the SM matter fields comprise 10i and 5j ,
where i, j = 1, 2, 3 represent family indices. Namely, 10i = (1,1, 1)i ⊕ (3,1,−2/3)i ⊕
(3,2, 1/6)i = (eC

i , uC
i , Qi) and 5j = (1,2,−1/2)j ⊕ (3,1, 1/3)j = (Lj , d

C
j ), where

Qi = (ui di)T and Lj = (νj ej)T [1]. Possible contractions of the matter field repre-
sentations hence read 10 ⊗ 10 = 5 ⊕ 45 ⊕ 50, 10 ⊗ 5 = 5 ⊕ 45 and 5 ⊗ 5 = 10 ⊕ 15.

The scalar leptoquark states that violate both B and L are (3,1,−1/3), (3,3,−1/3)
and (3,1, 4/3), if one assumes neutrinos to be Majorana particles. These states reside
in 5, 45 and 50. However, if one allows for the possibility that neutrinos are Dirac
particles there is another leptoquark—(3,1,−2/3)—that is found in 10 of SU(5) that
violates both B and L and could thus also destabilize proton. Altogether, there are
eighteen (fifteen) scalar leptoquarks that could mediate proton decay in case neutrinos
are Dirac (Majorana) particles. Note that contributions to the up-quark, down-quark and
charged lepton masses can come from both 5 and 45 whereas Majorana (Dirac) masses
for neutrinos can be generated through 15 (5). Table I summarizes couplings to the
matter of relevant states that reside in 45-dimensional representations. The couplings of
the color triplets in 50-, 10- and 5-dimensional representations are spelled out in ref. [5].

Note that the (3,1, 4/3) state always couples to the up-quark pair in an antisymmetric
manner. Hence the absence of the tree-level proton decay. Moreover, if the Yukawa
matrices are symmetric the (3,1, 4/3) state would not destabilize matter whatsoever.

3. – Leptoquarks in flipped SU(5)

Another possibility to unify the SM matter into an SU(5)-based framework leads to
the so-called flipped SU(5) scenario [2-4]. The generator of electric charge in flipped
SU(5) is given as a linear combination of a U(1) generator that resides in SU(5) and
an extra U(1) generator as if both of these originate from an SO(10) → SU(5) × U(1)
decomposition. This guarantees anomaly cancelation at the price of introducing one
extra state per family, i.e., the right-handed neutrino νC . The transition between the
SU(5) and flipped SU(5) embeddings is provided by the following set of transformations:
dC ↔ uC , eC ↔ νC , u ↔ d and ν ↔ e.
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Table I. – Yukawa couplings of B and L violating scalars in 45-dimensional representation of

SU(5). a, b, c(i, j) = 1, 2, 3 are color (flavor) indices. Y 10
ij and Y 5

ij are Yukawa matrix elements.

SU(5) Y 10
ij 10i10j45 Y 5

ij10i5j45∗

(3,1,−1/3) 2−1Y 5
ijεabcu

C T
a i CdC

b jΔ
∗
c

≡ 21/2[Y 10
ij − Y 10

ji ]eC T
i CuC

a jΔa −2−1Y 5
iju

T
a iCejΔ

∗
a

Δ 2−1Y 5
ijd

T
a iCνjΔ

∗
a

21/2εabc[Y
10

ij − Y 10
ji ]dT

a iCdb jΔ
1
c Y 5

iju
T
a iCνjΔ

1∗
a

(3,3,−1/3)
2−1/2Y 5

iju
T
a iCejΔ

2∗
a≡ −2εabc[Y

10
ij − Y 10

ji ]dT
a iCub jΔ

2
c

2−1/2Y 5
ijd

T
a iCνjΔ

2∗
a

(Δ1, Δ2, Δ3)
−21/2εabc[Y

10
ij − Y 10

ji ]uT
a iCub jΔ

3
c −Y 5

ijd
T
a iCejΔ

3∗
a

(3,1, 4/3)

≡ 21/2[Y 10
ij − Y 10

ji ]εabcu
C T
i a CuC

b jΔc −Y 5
ije

C T
i CdC

a jΔ
∗
a

Δ

The matter in flipped SU(5) comprises 10+1
i , 5−3

i and 1+5
i , where the superscripts

correspond to the extra U(1) charge. The SM hypercharge Y is defined through Y =
(Y (U(1)) − Y (U(1)SU(5)))/5, where Y (U(1)) and Y (U(1)SU(5)) represent the quantum
numbers of the extra U(1) and the U(1) in SU(5)(→ SU(3)×SU(2)×U(1)), respectively.

The scalar sector that can couple to matter directly is made out of 50−2, 45−2, 15+6,
10+6, 5−2 and 1−10. Representations that can generate contributions to the charged
fermion masses and Dirac neutrino masses are 45−2 and 5−2, whereas Majorana mass
for neutrinos can originate from interactions with 15+6. Leptoquarks that violate B and
L reside in 50−2, 45−2, 10+6 and 5−2. The relevant couplings to matter for 45−2 are
given in table II. All other color triplet couplings can be found in ref. [5].

4. – Proton decay

The dimension-six operators due to scalar exchange that violate B and L are

OH(dα, eβ) = a(dα, eβ) uT L C−1 dα uT L C−1eβ ,(1)

OH(dα, eC
β ) = a(dα, eC

β ) uT L C−1 dα eC
β

†
L C−1uC∗

,(2)

OH(dC
α , eβ) = a(dC

α , eβ) dC
α

†
L C−1 uC∗

uT L C−1eβ ,(3)

OH(dC
α , eC

β ) = a(dC
α , eC

β ) dC
α

†
L C−1 uC∗

eC
β

†
L C−1uC∗

,(4)

OH(dα, dβ , νi) = a(dα, dβ , νi) uT L C−1 dα dT
β L C−1 νi,(5)

OH(dα, dC
β , νi) = a(dα, dC

β , νi) dC
β

†
L C−1 uC∗

dT
α L C−1 νi,(6)

OH(dα, dC
β , νC

i ) = a(dα, dC
β , νC

i ) uT L C−1 dα νC
i

†
L C−1 dC

β

∗
,(7)

OH(dC
α , dC

β , νC
i ) = a(dC

α , dC
β , νC

i ) dC
β

†
L C−1 uC∗

νC
i

†
L C−1 dC

α

∗
.(8)
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Table II. – Yukawa couplings of B- and L-violating scalars in 45-dimensional representation of

flipped SU(5). a, b, c(i, j) = 1, 2, 3 are color (flavor) indices. Y 10 and Y 5 are Yukawa matrices.

SU(5) × U(1) Y 10
ij 10+1

i 10+1
j 45−2 Y 5

ij10i5
−3
j 45∗+2

(3,1,−1/3)−2 2−1Y 5
ijεabcd

C T
a i CuC

b jΔ
∗
c

≡ 21/2[Y 10
ij − Y 10

ji ]νC T
i CdC

a jΔa −2−1Y 5
ijd

T
a iCνjΔ

∗
a

Δ 2−1Y 5
iju

T
a iCejΔ

∗
a

21/2εabc[Y
10

ij − Y 10
ji ]uT

a iCub jΔ
3
c Y 5

ijd
T
a iCejΔ

3∗
a

(3,3,−1/3)−2

2−1/2Y 5
ijd

T
a iCνjΔ

2∗
a

≡ −2εabc[Y
10

ij − Y 10
ji ]uT

a iCdb jΔ
2
c

2−1/2Y 5
iju

T
a iCejΔ

2∗
a

(Δ1, Δ2, Δ3)
−21/2εabc[Y

10
ij − Y 10

ji ]dT
a iCdb jΔ

1
c −Y 5

iju
T
a iCνjΔ

1∗
a

(3,1, 4/3)−2

≡ 21/2[Y 10
ij − Y 10

ji ]εabcd
C T
i a CdC

b jΔc −Y 5
ijν

C T
i CuC

a jΔ
∗
a

Δ

Here, i(= 1, 2, 3) and α, β(= 1, 2) are generation indices, where all operators that involve
a neutrino are bound to have α + β < 4 due to kinematical constraints. L(= (1− γ5)/2)
is the left projection operator. The SU(3) color indices are not shown due to a common
εabcqaqbqc contraction. This notation has already been introduced in ref. [14].

These operators allow us to extract relevant coefficients due to a particular lepto-
quark exchange [14]. Our convention for the charged fermion field redefinitions that
yield the mass matrices in physical basis reads: UT

C MUU = Mdiag
U , DT

CMDD = Mdiag
D

and ET
CMEE = Mdiag

E . We introduce U†D ≡ VUD = K1VCKMK2, where K1

(K2) is a diagonal matrix containing three (two) phases. In the neutrino sector we
have NT

C MNN = Mdiag
N (NT MNN = Mdiag

N ) with E†N ≡ VEN = K3VPMNSK4

(VEN = K3VPMNS) in the Dirac (Majorana) neutrino case. K3 (K4) is a diagonal ma-
trix containing three (two) phases. VCKM (VPMNS) is the Cabibbo-Kobayashi-Maskawa
(Pontecorvo-Maki-Nakagawa-Sakata) mixing matrix.

For example, the relevant coefficients for Δ ≡ (3,1,−1/3) from 45 are

a(dC
α , eβ) =

1
4m2

Δ

(D†
CY 5 †U∗

C)α1 (UT Y 5E)1β ,(9)

a(dC
α , eC

β ) =
1√

2m2
Δ

(D†
CY 5 †U∗

C)α1 (E†
C(Y 10 − Y 10 T )†U∗

C)β1,(10)

a(dα, dC
β , νi) =

1
4m2

Δ

(D†
CY 5 †U∗

C)β1 (DT Y 5N)αi.(11)
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Table III. – Experimental bounds on selected partial proton decay lifetimes at 90% CL.

Process τp (1033 years)

p → π0e+ 13.0 [15]

p → π0μ+ 11.0 [15]

p → K0e+ 1.0 [16]

p → K0μ+ 1.3 [16]

p → ηe+ 4.2 [17]

p → ημ+ 1.3 [17]

p → π+ν̄ 0.025 [18]

p → K+ν̄ 4.0 [15]

The relevant coefficients for Δ ≡ (3,1,−1/3)−2 from 45−2 in flipped SU(5) are

a(dC
α , eβ) =

1
4m2

Δ

(D†
CY 5 ∗U∗

C)α1 (UT Y 5E)1β ,(12)

a(dα, dC
β , νi) = − 1

4m2
Δ

(D†
CY 5 ∗U∗

C)β1 (DT Y 5N)αi,(13)

a(dC
α , dC

β , νC
i ) =

1√
2m2

Δ

(D∗
CY 5 ∗U∗

C)β1 (N†
C(Y 10 − Y 10 T )†D∗

C)iα.(14)

The current experimental bounds on the partial proton lifetimes these operators con-
tribute to are given in table III. We account for all these decay modes in our analysis.

4.1. Leading-order contributions in SU(5). – Let us present predictions of the simplest
of all possible renormalizable models based on the SU(5) gauge symmetry. We demand
that both 5 and 45 of Higgs contribute to the down-quark and charged lepton masses [19]
to generate phenomenologically viable masses and mixing parameters. We take all mass
matrices to be symmetric, i.e., MU,D,E = MT

U,D,E . Note that the symmetric mass matrix
assumption eliminates contributions to proton decay of all other color triplets besides the
(3,1,−1/3) from 5- and 45-dimensional representations.

For example, to find widths for the charged anti-leptons in the final state when the
triplet state from 5-dimensional representation dominates we need to determine a(dα, eβ),
a(dα, eC

β ), a(dC
α , eβ) and a(dC

α , eC
β ). If the Yukawa couplings are symmetric the relevant

input for these coefficients reads

(UT (Y 10 + Y 10 T )D)1α = − 1√
2v5

(Mdiag
U VUD)1α,(15)

(UT Y 5E)1β = − 1
2v5

(3V ∗
UDMdiag

D V †
UDU∗

2 + U2M
diag
E )1β ,(16)

(D†Y 5 †U∗)α1 = − 1
2v5

(3Mdiag
D V T

UD + V †
UDU∗

2 Mdiag
E U†

2 )α1,(17)

(E†(Y 10 + Y 10 T )†U∗)β1 = − 1√
2v5

(UT
2 Mdiag

U )β1,(18)
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where U2 = UT E∗ and v5 represents a vacuum expectation value (VEV) of 5-dimensional
representation. Our normalization is such that |v5|2/2 + 12|v45|2 = v2, where v
(= 246 GeV) stands for the electroweak VEV. v45 is the VEV in 45-dimensional repre-
sentation. A connection between Yukawa couplings and charged fermion mass matrices
is spelled out elsewhere [11]. For the p → e+

δ π0 channels we finally find

Γ(p → e+
δ π0) =

(m2
p − m2

π0)2

64πf2
πm3

p

α2

v4
5m4

Δ

∣∣∣∣(VUD)11

[
mu +

3
4
md

]
+

1
4

(
V †

UDU∗
2 Mdiag

E U†
2

)
11

∣∣∣∣
2

×
(∣∣∣∣32

(
V ∗

UDMdiag
D V †

UDU∗
2

)
1δ

+
1
2

(
U2M

diag
E

)
1δ

∣∣∣∣
2

+ 4|mu(U2)1δ|2
)

(1 + D + F )2,

where α and β are the so-called nucleon matrix elements. F +D and F −D combinations
are extracted from the nucleon axial charge and form factors in semileptonic hyperon
decays, respectively [20, 21]. We take in what follows fπ = 130 MeV, mp = 938.3 MeV,
D = 0.80(1), F = 0.47(1) and α = −β = −0.0112(25) GeV3 [21].

In the previous example we assume that contributions to proton decay of the triplet
in 5-dimensional representation dominate over contributions of triplets in 45-dimensional
representation. We actually find that the 5-dimensional triplet dominates over the 45-
dimensional triplet for moderate values of v45 [5]. The suppression factor for the partial
lifetimes approximately reads 102(v45/v5)4.

In order to incorporate p → π+ν̄ and p → K+ν̄ decay modes in our study we note that
one is free to sum over the neutrino flavors in the final state. The relevant coefficients
that enter widths for these decays are a(dα, dβ , νi) and a(dα, dC

β , νi) when the exchanged
state is the triplet in 5-dimensional representation. The upshot of our results is that
widths for decays with neutral anti-lepton in the final state again depend only on U2 as
far as the mixing parameters are concerned. We again find that the contribution of the
triplet in 5-dimensional representation towards p → K+ν̄ and p → π+ν̄ dominates over
the 45-dimensional triplet contributions for moderate values of v45.

We numerically analyze all the decay modes given in table III to find the current
bounds on the triplet mass in SU(5) with symmetric Yukawa couplings. We take values
of quark and lepton masses at MZ , as given in [22]. The CKM angles are taken from
ref. [18]. We randomly generate one million sets of values for nine parameters of U2 and
five phases of VUD. As it turns out, it is p → K+ν̄ that dominates in all instances. The
most and least conservative bounds for this channel read

mΔ > 1.2 × 1013
( α

0.0112GeV3

)1/2
(

100GeV
v5

)
GeV,(19)

mΔ > 1.5 × 1011
( α

0.0112GeV3

)1/2
(

100GeV
v5

)
GeV.(20)

To summarize, if one is to maximize contributions from the triplets in 5- and 45-
dimensional representations towards proton decay within renormalizable SU(5) frame-
work with symmetric mass matrices the current bounds on the triplet mass scale are
given in eqs. (19) and (20) if the color triplet in 5 of Higgs dominates in the most and
least conservative scenario, respectively. Any SU(5) scenario where the triplet scalar
mass exceeds the most conservative bound of eq. (19) is certainly safe with regard to



COLORED SCALARS AS FLAVOR MESSENGERS IN GRAND UNIFIED THEORIES 367

the proton decay constraints on the scalar mediated proton decay. If the triplet mass is
below the least conservative bound of eq. (20) the SU(5) scenario is not viable.

4.2. Leading-order contributions in flipped SU(5). – In the minimal flipped SU(5)
scenario it is sufficient to have only one 5-dimensional scalar representation present to
generate realistic charged fermion masses. We accordingly present predictions of a flipped
SU(5) scenario with a single color triplet state. To be able to compare the flipped SU(5)
results with the case of ordinary SU(5) we again take MU,D,E = MT

U,D,E .
We find that the decays with anti-neutrinos in the final state always dominate. To

find corresponding decay widths for p → π+ν̄ and p → K+ν̄ we need to determine
a(dα, dβ , νi) and a(dα, dC

β , νi). In the minimal model with symmetric mass matrices the
relevant input reads

(UT (Y 10 + Y 10 T )D)1α = − 1√
2v5

(
V ∗

UDMdiag
D

)
1α

,(21)

(DT Y 5̄N)βi = − 2
v5

(
V T

UDMdiag
U U∗

2 VEN

)
βi

,(22)

(D†Y 5 ∗U∗)β1 = − 2
v5

(
V †

UDMdiag
U

)
β1

.(23)

The sum over neutrino flavors in the final state eliminates dependence on any unknown
rotations in the quark and lepton sectors leaving us with decay widths that depend
only on known masses and mixing parameters. This makes minimal flipped SU(5) with
symmetric mass matrices very special. We find the following limit on the triplet mass
that originates from experimental constraints on p → K+ν̄ channel

(24) mΔ > 1.0 × 1012
( α

0.0112GeV3

)1/2

GeV.

The fact that p → π+ν̄ is also a clean channel means that the minimal flipped SU(5)
predicts ratio between Γ(p → π+ν̄) and Γ(p → K+ν̄). We find it to be

(25) Γ(p → π+ν̄)/Γ(p → K+ν̄) = 9.0.

This result represents firm prediction within the framework of the minimal flipped SU(5).

5. – Higher-order contributions

The (3̄,1, 4/3) state violates B and L but does not contribute to d = 6 proton decay
operators at tree-level. We note that despite the absence of the tree-level contribution to
proton decay of the (3̄,1, 4/3) state, weak corrections lead to proton destabilizing d = 6
and d = 9 operators [5]. The effect of the d = 9 operators can be rendered adequately
small even in the case of simultaneously large leptoquark and diquark couplings, a situa-
tion that is favored by observables in tt̄ production and value of (g−2)μ. This is achieved
by finely-tuned cancellation of two amplitudes. To the contrary, similar cancellation is
impossible in the case of d = 6 operator for p → π0μ+ decay and we are required to sup-
press either all leptoquark couplings involving μ or all diquark couplings. We conclude
that the proton decay lifetime constraint allows to fully address either Att̄

FB or (g − 2)μ

observable with the (3̄,1, 4/3) state, but not both.
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6. – Conclusions

We classify the scalar leptoquarks present in SU(5) and flipped SU(5) grand unifi-
cation frameworks that mediate proton decay. In both frameworks the considered lep-
toquark states reside in scalar representations of SU(5) of dimension 5, 10, 45, and 50.
We integrate out the above states at tree-level and parameterize their contributions in
terms of effective coefficients of a complete set of d = 6 operators. The mass constraint
on the color triplet state contained in 5- and 45-dimensional representations is then de-
rived. The precise lower bound in SU(5) depends on the value of the VEV of these
representation. For the VEV of 100 GeV the least (most) conservative lower bound on
the triplet mass that originates from the p → K+ν̄ channel is approximately 1011 GeV
(1013 GeV). The corresponding bound is derived within the flipped SU(5) framework to
read 1012 GeV and proves to be both mixing and VEV independent. Moreover, flipped
SU(5) theory with symmetric mass matrices predicts Γ(p → π+ν̄)/Γ(p → K+ν̄) = 9.

The two leptoquark states that do not contribute to proton decay at tree-level are
(3̄,1, 4/3) and (3̄,1,−2/3)+6 in the standard and flipped SU(5) frameworks, respectively.
We have estimated their contribution to dimension-six operators via box diagram and
the tree-level contribution to dimension-nine operators. For the (3̄,1, 4/3) state it has
been found that if it is to explain both the anomalous magnetic moment of the muon and
the tt̄ forward-backward asymmetry, then the contribution of the dimension-six operator
would destabilize the proton in p → μ+π0 channel. Therefore only one of the two puzzles
can be addressed with this leptoquark state.

∗ ∗ ∗
I. Doršner acknowledges support by SNSF through the SCOPES project IZ74Z0

137346.
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Summary. — We report the measurement of the absolute branching fraction for
B0

s → J/ψ φ, for B0
s → J/ψ K+K− and a determination of the s-wave contribution

in the φ mass range as well as a first observation of B0
s → J/ψ η and B0

s → J/ψ η′.
These results are based on a 121 fb−1 data sample collected with the Belle detector
at the KEK-B asymmetric e+e− collider near the Υ(5S) resonance.

PACS 13.25.Hw – Decays of bottom mesons.

1. – Introduction

During its operation, the Belle experiment collected over 700 fb−1 of data near the
Υ(4S) resonance and 121 fb−1 near the Υ(5S) resonance. This second data sample is
unique at B factories and provides the opportunity to study decays of B0

s mesons.
To extract the B0

s signal, two nearly independant kinematic variables, ΔE and Mbc,
are used:

(1) ΔE = E∗
B − E∗

beam and Mbc =
√

E2
beam − (p∗B)2,

where E∗
beam is the beam energy in the center-of-mass frame and E∗

B and p∗B denote
the energy and the momentum of the reconstructed B0

s meson, respectively, given in the
center-of-mass system.

In the analyses presented below, the B0
s meson is fully reconstructed. However, the

photon from a possible B∗
s → B0

sγ decay is not included. As the energy information from
the photon from the B∗

s decay is lost, the signal region plotted in the Mbc-ΔE plane
splits up into three areas, depending on the number of B∗

s mesons in the initial state. As
these areas are not overlapping in Mbc, they can easily be separated during the analysis
by a cut on Mbc (fig. 1(b)).

The Belle detector (fig. 1(a)), located at the asymmetric e+e− collider KEK-B in
Tsukuba Japan, is a large-solid-angle magnetic spectrometer that consists of a silicon ver-
tex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold

c© Società Italiana di Fisica 373
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Fig. 1. – (a) Schematic view of the Belle detector. (b) Signal regions shown as a scatter plot in
the Mbc-ΔE plane.

Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals
located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An
iron flux-return located outside of the coil is instrumented to detect K0

L mesons and to
identify muons (KLM). The detector is described in details elsewhere [1].

2. – Precise measurement of B(B0
s → J/ψ φ) and B(B0

s → J/ψ K+K−)

The decay B0
s → J/Ψφ is an important mode for measuring the CP -violating phase

βs in the BsBs mixing, which is of particular interest as it is expected to be sensitive
to physics beyond the Standard Model [2]. Therefore, regarding the current PDG value
of B(B0

s → J/ψ φ) = (1.4 ± 0.5)10−3 [3] measured by the CDF experiment [4], which
provides a relative error of 35.7%, a precise measurement of this branching fraction is
essential.

Furthermore, in this analysis the branching fraction of the decay B0
s → J/ψ K+K−,

which has not been measured so far, is determined together with the branching ratio of
B0

s → J/ψ φ. The study of this nonresonant mode is crucial, as it is the main background
for the investigation of the decay B0

s → J/ψ φ. By separating these two final states, it is
also possible to calculate the s-wave contribution within the φ mass region.

In both final states, the same particles have to be identified: Two oppositely charged
leptons and two oppositely charged kaons. To reconstruct the J/ψ meson, the invari-
ant mass of the leptons and a possible bremstrahlung gamma is required to lie within
2.946GeV ≤ m(��)e+e−(γ) ≤ 3.133 GeV and 3.036GeV ≤ m(��)μ+μ− ≤ 3.133 GeV, re-
spectively.

In case of the invariant kaon mass, only a lower cut of m(K+K−) ≥ 0.95 GeV is
applied, so that the full m(K+K−) distribution can be investigated.

Finally, to extract the B0
s meson, signal requirements on the kinematic parameters

ΔE and Mbc are performed. In this analysis a region with Mbc > 5.4 GeV is used, which
means only the dominant B∗

sB
∗
s signal region is investigated as this provides the best

signal to background ratio.
To determine the branching ratios for B0

s → J/ψ φ and B0
s → J/ψ K+K− a two-dimen-

sional unbinned likelihood fit in ΔE and m(K+K−) is performed.
For these two channels, the probability density functions (pdfs) for the ΔE dis-

tribution are adjusted using a real data control sample. For this purpose the decay
B0 → J/ψ K∗(892) was chosen, as its final state is very similar to the final state of
B0

s → J/ψ φ and B0
s → J/ψ K+K−, except that one kaon is replaced by a pion.
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Table I. – Fit results for the μ+μ− and the e+e− channel on 121 fb−1.

Channel J/ψ φ J/ψ K+K− Combinatorial background

μ+μ− 158 ± 13 89 ± 13 304 ± 20

e+e− 168 ± 14 110 ± 16 239 ± 20

As for the K+K− invariant mass, the pdfs for B0
s → J/ψ φ and B0

s → J/ψ K+K−

are determined from generic Monte Carlo (MC) data. The simulation of this data basi-
cally includes all known contributions that can be found in the PDG. Investigating the
m(K+K−) distribution, the peak of the φ meson can be clearly identified at the low en-
ergy part of the spectrum, while the nonresonant decay B0

s → J/ψ K+K− provides a flat
distribution up to the high-energy part of the m(K+K−) spectrum which can be modeled
by an Argus function. As a consequence, the two decay modes are distinguishable via the
distribution of the invariant kaon mass, rather than by performing an angular analysis.

The fit results obtained from the full 121 fb−1 Belle data sample are presented in
table I. The description of the ΔE and the m(K+K−) distribution with the applied pdf
model is in good agreement with the data for the muon channel (fig. 2) as well as for the
electron channel (fig. 3).

With 158 ± 13 (168 ± 14) events for B0
s → J/ψ φ in the muon (electron) channel the

corresponding branching fraction can be calculated to be

B(B0
s → J/ψμ+μ−φ) = (1.19 ± 0.10stat ± 0.19sys)10−3,(2)

B(B0
s → J/ψe+e−φ) = (1.33 ± 0.11stat ± 0.22sys)10−3(3)

Fig. 2. – Fitted ΔE and m(K+K−) distribution for the μ+μ− channel on 121.061 fb−1.
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Fig. 3. – Fitted ΔE and m(K+K−) distribution for the e+e− channel on 121.061 fb−1.

with the weighted mean value of

(4) B(B0
s → J/ψ φ) = (1.25 ± 0.07stat ± 0.20sys)10−3.

The obtained results for the branching fractions for the muon and the electron channel
are comparable with each other within their statistical errors and are in good agreement
with the current PDG value.

Summarizing all contributions to the systematic error that are presented in table II,
the total systematic error is determined to be 16.3%. The dominant contribution to the
systematic error is the uncertainty in fs, the ratio of B∗

sB
∗
s events within all produced bb

pairs, which is therefore limiting the accuracy of the analysis at the present time.
The fit result for the nonresonant component B0

s → J/ψ K+K− is 89 ± 13 (110 ± 16)
events in the muon (electron) channel, which leads to

B(B0
s → J/ψμ+μ−K+K−) = (0.33 ± 0.05stat

+0.06
−0.07sys)10−3(5)

B(B0
s → J/ψe+e−K+K−) = (0.43 ± 0.06stat

+0.10
−0.11sys)10−3(6)

with the weighted mean value

(7) B(B0
s → J/ψ K+K−) = (0.36 ± 0.04stat ± 0.08sys)10−3

This measurement has a significance of 5.3σ. The sources of the systematic error are the
same as for the measurement of B0

s → J/ψ φ.
Another result that can be obtained from this analysis is the s-wave contribution in

the mass region of the φ meson. For this purpose, the following assumptions are made:

– The p-wave contribution originates from the decay B0
s → J/ψ φ.

– The s-wave contribution originates from the decay B0
s → J/ψ K+K−.
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Table II. – Values and systematic errors for the parameters used to calculate B(B0
s → J/ψ φ).

Parameter Value Error %

Luminosity 121.061 fb−1 0.847 fb−1 0.7

σ
Υ(5S)

bb
[5] 0.302 nb 0.014 nb 4.6

fs [6] 0.193 0.029 15.0

B(φ → K+K−) [3] 0.489 0.005 1.0

B(J/ψ → μ+μ−) [3] 0.0593 0.0006 1.0

B(J/ψ → e+e−) [3] 0.0594 0.0006 1.0

εMC statistic (μ+μ−) 0.325 0.001 0.2

εMC statistic (e+e−) 0.307 0.001 0.3

εPolarisation (μ+μ−) 0.325 0.005 1.5

εPolarisation (e+e−) 0.307 0.004 1.3

tracking – – 1.4

Lepton and kaon ID – – 2.0

PDF shape (μ+μ−) 158 events 3.7 events 2.3

PDF shape (e+e−) 168 events 4.6 events 2.7

Sum (μ+μ−) – 0.19 · 10−3 16.0

Sum (e+e−) – 0.22 · 10−3 16.5

The two states are distinguishable via the m(KK) distribution and the s-wave contribu-
tion (S) is calculated as the rate of the fitted number of events of the nonresonant decay
compared to the total number of fitted events of the resonant and nonresonant decay
within a specific mass range:

(8) S =
α · N(J/ψ K+K−)

α · N(J/ψ K+K−) + β · N(J/ψ φ)
.

In eq. (8), N(J/ψ K+K−) and N(J/ψ φ) are the fitted number of events for the B0
s →

J/ψ K+K− and the B0
s → J/ψ φ channel, respectively. The parameters α and β denote

the percentage of the two components within the considered mass range.
The mass ranges that are investigated are the same as used by CDF and LHCb (see

table III) and the obtained results are in agreement with the contributions calculated by
these experiments. The statistical error originates from the statistical uncertainty of the
fit results for N(J/ψ K+K−) and N(J/ψ φ), while the systematic error is given by the
uncertainty of the parameters α and β due to the uncertainty in the pdf shape.

3. – First observation of B0
s → J/ψ η and B0

s → J/ψ η′

The measurement of the decays B0
s → J/ψ η and B0

s → J/ψ η′ provide the possibil-
ity to investigate new CP -even eigenstates. Furthermore, the SU(3) flavor symmetry
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Table III. – Results for the s-wave contribution in different mass regions around the φ peak.
The numbers are in agreement with the results from CDF and LHCb.

CDF [7] LHCb [8]

Mass range 1.009 GeV–1.028 GeV 1.007 GeV–1.031 GeV

Hadron collider results < 6.0% at 95% CL 4.2 ± 1.5 ± 1.8%

Belle result 0.61 ± 0.07stat ± 0.06sys% 0.75 ± 0.09stat ± 0.09sys%

predicts the ratio of these two branching fractions to be close to one and therefore, a
measurement of these decay channels would allow to test the SU(3) symmetry as well as
the η-η′ mixing (for more detail, see e.g. [9-12]).

However, these decays have not been observed so far. The L3 experiment published
an upper limit of B(B0

s → J/ψ η) < 3.8 · 10−3 at a 90% confidence level [13].
To determine the branching fractions of B0

s → J/ψ η and B0
s → J/ψ η′ the B0

s meson
is reconstructed in five different final states. While the J/ψ meson is identified via two
oppositely charged leptons, the η meson is reconstructed from a γγ or π+π−π0 state and
the η′ meson is expected to decay into a ρ0γ or a ηπ+π− final state. For more detailed
information on the reconstruction and the fitting method in this analysis see [14].

The fit is performed as a two-dimensional unbinned, extended maximum-likelihood
fit in ΔE and Mbc, simultaneously for all five final states. The fit results are presented
in fig. 4 where the applied pdf model shows a good agreement with the data in all
subchannels. With 141 ± 14 (86 ± 14) events found for B0

s → J/ψ η (B0
s → J/ψ η′), the

corresponding branching fractions are calculated to

B(Bs → J/ψ η) =
(
5.10 ± 0.50stat ± 0.25sys

+1.14
−0.79(NB

(∗)
s B

(∗)
s

)
)
· 10−4(9)

B(Bs → J/ψ η′) =
(
3.71 ± 0.61stat ± 0.18sys

+0.83
−0.57(NB

(∗)
s B

(∗)
s

)
)
· 10−4(10)

Fig. 4. – Fitted Mbc and ΔE distributions for B0
s → J/ψ η (left) and B0

s → J/ψ η′ (right).
The solid lines present the projection of the fit results, while the dotted curves illustrate the
background component.
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and their ratio is

(11)
B(Bs → J/ψη′)
B(Bs → J/ψ η)

= 0.73 ± 0.14stat ± 0.02sys.

While the result for B0
s → J/ψ η is in agreement with the upper limit obtained from the

L3 experiment, the determined ratio shows a deviation at a 2.1σ level with respect to
the prediction.

4. – Summary

We presented the measurement of the absolute branching fraction for B0
s → J/ψ φ,

for B0
s → J/ψ K+K− and a determination of the s-wave contribution in the φ mass

range. The results concerning the branching fraction of B0
s → J/ψ φ and the s-wave

contribution are in good agreement with previous measurements from other experiments.
The branching fraction of B0

s → J/ψ K+K− was determined for the first time with a
significance of 5.3σ.

Furthermore, we presented the first observation of B0
s → J/ψ η and B0

s → J/ψ η′.
While the result for the branching fraction of B0

s → J/ψ η is in agreement with the upper
limit of a former measurement, the ratio of the two branching fractions shows a deviation
of 2.1 σ level with regard to the prediction.
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Summary. — We report a measurement of the lifetime, decay rate difference and
CP -violating phase for B0

s mesons obtained from a flavour-tagged, time-dependent,
angular analysis in a sample of 5598 ± 113 B0

s → J/ψφ decays selected in a 8 fb−1

data sample of pp collisions at
√

s = 1.96 TeV recorded with the DØ experiment at
Fermilab.

PACS 13.25.Hw – Decays of bottom mesons.
PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.

1. – Introduction

In the standard model (SM), the light (L) and heavy (H) mass eigenstates of the
mixed B0

s system are expected to have sizeable mass and decay width differences: ΔMs ≡
MH − ML and ΔΓs ≡ ΓL − ΓH . The two mass eigenstates are expected to be almost
pure CP eigenstates. The CP -violating phase that appears in b → ccs decays, due to
the interference of the decay with and without mixing, is predicted [1] to be φ

J/ψφ
s =

−2βs = 2arg[−VtbV
∗
ts/VcbV

∗
cs] = −0.038 ± 0.002, where Vij are elements of the Cabibbo-

Kobayashi-Maskawa quark-mixing matrix [2]. New phenomena may alter the observed
phase [3] to φ

J/ψφ
s ≡ −2βs + φΔ

s .
Here we present new results from the time-dependent amplitude analysis of the decay

B0
s → J/ψφ using a data sample corresponding to an integrated luminosity of 8.0 fb−1

collected with the D0 detector [4] at the Fermilab Tevatron Collider. We measure ΔΓs;
the average lifetime of the B0

s system, τs = 1/Γs, where Γs ≡ (ΓH + ΓL)/2; and the
CP -violating phase φ

J/ψφ
s .

2. – Data sample and event reconstruction

The analysis presented here is based on data accumulated between February 2002 and
June 2010 and corresponds to 8 fb−1 of integrated luminosity.

c© Società Italiana di Fisica 381
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We reconstruct the decay chain B0
s → J/ψφ, J/ψ → μ+μ−, φ → K+K− from candi-

date (J/ψ, φ) pairs consistent with coming from a common vertex and having an invariant
mass in the range 5.37 ± 0.20 GeV. Events are collected with a mixture of single and
dimuon triggers.

B0
s candidate events are required to include two opposite-sign muons accompanied by

two opposite-sign tracks. The invariant mass range for muon pairs is 3.096± 0.350 GeV,
consistent with J/ψ decay. J/ψ candidates are combined with pairs of oppositely charged
tracks (assigned the kaon mass) consistent with production at a common vertex, and with
an invariant mass in the range 1.019 ± 0.030 GeV. Each of the four final-state tracks is
required to have at least one SMT hit.

A kinematic fit under the B0
s decay hypothesis constrains the dimuon invariant mass

to the world-average J/ψ mass [5] and constrains the four-track system to a common
vertex.

The primary vertex (PV) is reconstructed using tracks that do not originate from the
candidate B0

s decay, and apply a constraint to the average beam-spot position in the
transverse plane. We define the signed decay length of a B0

s meson, LB
xy, as the vector

pointing from the PV to the decay vertex, projected on the B0
s transverse momentum

pT . The proper decay time of a B0
s candidate is given by t = MBs

�LB
xy · �p/(p2

T ) where
MBs

is the world-average B0
s mass [5], and �p is the particle momentum. Approximately

5 million events are accepted after the selection described in this section.

3. – Background suppression

The selection criteria are designed to optimize the measurement of φ
J/ψφ
s and ΔΓs.

Most of the background is due to directly produced J/ψ mesons accompanied by tracks
arising from hadronization. This “prompt” background is distinguished from the “non-
prompt”, or “inclusive B → J/ψ +X” background, where the J/ψ meson is a product of
a b-hadron decay while the tracks forming the φ candidate emanate from a multi-body
decay of a b hadron or from hadronization. Two different event selection approaches
are used, one based on a multi-variate technique, and one based on simple limits on
kinematic and event quality parameters.

Three Monte Carlo (MC) samples are used to study background suppression: sig-
nal, prompt background, and non-prompt background. All three are generated with
pythia [6]. Hadronization is also done in pythia, but all hadrons carrying heavy flavors
are passed on to EvtGen [7] to model their decays. The prompt background MC sample
consists of J/ψ → μ+μ− decays produced in gg → J/ψg, gg → J/ψγ, and gγ → J/ψg
processes. The signal and non-prompt background samples are generated from primary
bb̄ pair production with all b hadrons being produced inclusively. For the signal sample,
events with a B0

s → J/ψφ are selected. There are approximately 106 events in each
background and the signal MC samples. All events are passed through a full standard
chain of geant-based [8] detector software of DØ simulation.

4. – Multivariate event selection

To discriminate the signal from background events, we use the TMVA package [9]. In
preliminary studies using MC simulation, the Boosted Decision Tree (BDT) algorithm
was found to demonstrate the best performance. Since prompt and non-prompt back-
grounds have different kinematic behavior, we train two discriminants, one for each type
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of background. We use a set of 33 variables for the prompt background and 35 variables
for the non-prompt background.

To choose the best set of criteria for the two BDT discriminants, we start with 14 data
samples with signal yields ranging from 4000 to 7000 events. For each sample we choose
the pair of BDT cuts which gives the highest significance S/

√
S + B, where S (B) is

the number of signal (background) events in the data sample. As the BDT criteria are
loosened, the total number of events increases by a factor of ten, while the number of
signal events increases by about 50%.

The choice of the final cut on the BDT output is based on an ensemble study. We
perform a maximum-likelihood fit to the event distribution in the 2-dimensional (2D)
space of B0

s candidate mass and proper time. This 2D fit provides a parametrization of the
background mass and proper time distribution. We then generate pseudo-experiments in
the 5D space of B0

s candidate mass, proper time, and three independent angles of decay
products, using as input the parameters as obtained in a preliminary study, and the
background from the 2D fit. We perform a 5D maximum likelihood fit on the ensembles
and compare the distributions of the statistical uncertainties of φ

J/ψφ
s (σ(φJ/ψφ

s )) and
ΔΓs (σ(ΔΓs)) for the different sets of criteria.

The mean statistical uncertainties of both φ
J/ψφ
s and ΔΓs systematically decrease

with increasing signal, favoring looser cuts. The gain in the parameter resolution is
slower for the three loosest criteria, while the total number of events doubles from about
0.25×106 to 0.5×106. Based on these results, we choose the sample that contains about
6500 signal events.

We select a second event sample by applying criteria on event quality and kinematic
quantities. We use the consistency of the results obtained for the BDT and for this
sample as a measure of systematic effects related to imperfect modeling of the detector
acceptance and of the selection requirements. The criteria are the same as in ref. [10].
We refer to this second sample as the “Square-cuts” sample.

5. – Flavor tagging

At the Tevatron, b quarks are mostly produced in bb pairs. The flavor of the initial
state of the B0

s candidate is determined by exploiting properties of particles produced by
the other b hadron (“opposite-side tagging”, or OST). The OST-discriminating variables
are based primarily on the presence of a muon or an electron from the semi-leptonic
decay of the other b hadron produced in the pp interaction.

The OST algorithm assigns to each event a value of the predicted tagging parameter
d, in the range [−1, 1], with d > 0 tagged as an initial b quark and d < 0 tagged as an
initial b quark. Larger |d| values correspond to higher tagging confidence. The OST-
discriminating variables and algorithm are described in detail in ref. [11].

The tagging dilution D is defined as D = Ncor −Nwr/(Ncor + Nwr) where Ncor (Nwr)
is the number of events with correctly (wrongly) identified initial B-meson flavor.

The dependence of the tagging dilution on the tagging parameter d is calibrated
with data for which the flavor (B or B) is known. The dilution calibration is based
on independent B0

d → μνD∗± data samples. We perform an analysis of the B0
d-B

0

d

oscillations described in ref. [12]. We divide the samples into five ranges of the tagging
parameter |d|, and for each range we obtain a mean value of the dilution |D|. The mixing
frequency ΔMd is fitted simultaneously and is found to be stable and consistent with
the world average value. The measured values of the tagging dilution |D| for the running
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Table I. – Definition of nine real measurables for the decay B0
s → J/ψφ used in the maximum-

likelihood fitting.

Parameter Definition

|A0|2 P-wave longitudinal amplitude squared, at t = 0

A1 |A‖|2/(1 − |A0|2)
τs (ps) B0

s mean lifetime

ΔΓs (ps−1) Heavy-light decay width difference

FS K+K− S-wave fraction

βs CP-violating phase (≡ −φ
J/ψφ
s /2)

δ‖ arg(A‖/A0)

δ⊥ arg(A⊥/A0)

δs arg(As/A0)

period of time is parametrized by function

|D| =
p0

(1 + exp((p1 − |d|)/p2))
− p0

(1 + exp(p1/p2))
(1)

and the function is fitted to the data.

6. – Maximum-likelihood fit

We perform a six-dimensional (6D) unbinned maximum-likelihood fit to the proper
decay time and its uncertainty, three decay angles characterizing the final state, and the
mass of the B0

s candidate. We use events for which the invariant mass of the K+K− pair
is within the range 1.01–1.03 GeV. There are 104,683 events in the BDT-based sample
and 66455 events in the Square-cuts sample. We adopt the formulae and notation of
ref. [13]. The normalized functional form of the differential decay rate includes an S-
wave KK contribution in addition to the dominant P-wave φ → K+K− decay.

6.1. Signal model . – The angular distribution of the signal is expressed in the transver-
sity basis.

The P wave is decomposed into three independent components corresponding to linear
polarization states of the vector mesons J/ψ and φ, which are either longitudinal (0) or
transverse to their direction of motion, and parallel (‖) or perpendicular (⊥) to each
other, The time evolution of the angular distribution of the decay products, expressed in
terms of the magnitudes |A0|, |A‖|, and |A⊥|, and two phases, δ|| and δ⊥. By convention,
the phase of A0 is set to zero.

The contribution from the decay to J/ψK+K− with the kaons in the S wave is
expressed in terms of the S-wave fraction FS and a phase δs. The squared sum of
the P and S waves is integrated over the KK mass. For the P wave, we assume
the nonrelativistic Breit-Wigner model with the φ meson mass 1.019 GeV and width
4.26 MeV. For the S-wave component, we assume a uniform distribution in the range
1.01 < M(KK) < 1.03 GeV. In the case of the BDT selection, it is modified by a KK-
mass dependent factor corresponding to the BDT selection efficiency. We constrain the
oscillation frequency to ΔMs = 17.77 ± 0.12 ps−1, as measured in ref. [14]. Table I lists
all physics parameters used in the fit.
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For the signal mass distribution we use a Gaussian function with a free mean value,
width, and normalization. The function describing the signal rate in the 6D space is
invariant under the combined transformation βs → π/2−βs, ΔΓs → −ΔΓs, δ‖ → 2π−δ‖,
δ⊥ → π − δ⊥, and δs → π − δs. In addition, with a limited flavor-tagging power, there is
an approximate symmetry around βs = 0 for a given sign of ΔΓs.

We correct the signal decay rate by a detector acceptance factor ε(ψ, θ, ϕ)
parametrized by coefficients of expansion in Legendre polynomials Pk(ψ) and real har-
monics Ylm(θ, ϕ). The coefficients are obtained from Monte Carlo simulation.

6.2. Background model . – The proper decay time distribution of the background is
described by a sum of a prompt component, modeled as a Gaussian function centered
at zero, and a non-prompt component. The non-prompt component is modeled as a
superposition of one exponential decay for t < 0 and two exponential decays for t > 0,
with free slopes and normalizations. The lifetime resolution is modeled by an exponential
convoluted with a Gaussian function, with two separate parameters for prompt and non-
prompt background.

The mass distributions of the two components of background are parametrized by
low-order polynomials: a linear function for the prompt background and a quadratic
function for the non-prompt background. The angular distribution of background is
parametrized by Legendre and real harmonics expansion coefficients. A separate set
of expansion coefficients ck

lm and ck
lm, with k = 0 or 2 and l = 0, 1, 2, is used for the

prompt and non-prompt background. A preliminary fit is first performed with all 17× 2
parameters allowed to vary. In subsequent fits those that converge at values within two
standard deviations of zero are set to zero. All background parameters described above
are varied simultaneously with physics parameters. In total, there are 36 parameters
used in the fit.

6.3. Systematic uncertainties. – There are several possible sources of systematic un-
certainty in the measurements. These uncertainties are estimated for:

– Flavor tagging : The nominal calibration of the flavor tagging dilution is determined
as a weighted average of four samples separated by the running period. As an
alternative we alter the nominal parameters by their uncertainties.

– Proper decay time resolution: To assess the effect, we have used two alternative
parameterizations obtained by random sampling of the resolution function.

– Detector acceptance: The effects of imperfect modeling of the detector acceptance
and of the selection requirements are estimated by investigating the consistency of
the fit results for the sample based on the BDT selection and on the Square-cuts
selection.

– M(KK) resolution: The limited M(KK) resolution may affect the results of the
analysis, especially the phases and the S-wave fraction FS , through the dependence
of the S-P interference term on the P-wave mass model. We repeat the fits using
this altered φ(1020) propagator as a measure of the sensitivity to the M(KK)
resolution.

The differences between the best-fit values and the alternative fit values provide a
measure of systematic effects. For the best estimate of the CL ranges for all the measured
physics quantities, we conduct Markov Chain Monte Carlo (MCMC).
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Fig. 1. – Two-dimensional 68%, 90% and 95% CL contour for BDT and square cuts selection.
The standard model expectation is indicated as a point with an error.

7. – Confidence intervals

In addition to the free parameters determined in the fit, the model depends on a
number of external constants whose inherent uncertainties are not taken into account
in a given fit. Ideally, effects of uncertainties of external constants, such as time reso-
lution parameters, flavor tagging dilution calibration, or detector acceptance, should be
included in the model by introducing the appropriate parametrized probability density
functions and allowing the parameters to vary. Such a procedure of proper integrating
over the external parameter space would greatly increase the number of free parameters
and would be prohibitive. Therefore, as a trade-off, we apply a random sampling of
external parameter values within their uncertainties, we perform the analysis for thus
created “alternative universes”, and we average the results. To do the averaging in the
multidimensional space, taking into account non-Gaussian parameter distributions and
correlations, we use the MCMC technique.

While we do not use any external numerical constraints on the polarization ampli-
tudes, we note that the best-fit values of their magnitudes and phases are consistent
with those measured in the U(3)-flavor related decay B0

d → J/ψK∗ [5], up to the sign
ambiguities. Reference [15] predicts that the phases of the polarization amplitudes in
the two decay processes should agree within approximately 0.17 radians. For δ⊥, our
measurement gives equivalent solutions near π and near zero, with only the former being
in agreement with the value of 2.91 ± 0.06 measured for B0

d → J/ψK∗ by B factories.
Therefore, in the following we limit the range of δ⊥ to cos δ⊥ < 0.

7.1. Results. – The fit assigns 5598 ± 113 (5050 ± 105) events to the signal for the
BDT (Square-cuts) sample.

Figure 1 shows 68%, 90% and 95% CL contours in the (φJ/ψφ
s ,ΔΓs) plane for the

BDT-based and for the Square-cuts samples. The point estimates of physics parameters
are obtained from one-dimensional projections. The minimal range containing 68% of the
area of the probability density function defines the one standard deviation CL interval
for each parameter, while the most probable value defines the central value.

The one-dimensional estimates of physics parameters for the BDT-cuts and Square-
cuts sample are shown in table II.

To obtain the final CL ranges for physics parameters, we combine all eight MCMC
chains, effectively averaging the probability density functions of the results of the
fits to the BDT- and Square-cuts samples. Figure 2 shows 68%, 90% and 95% CL



STUDIES OF CP VIOLATION IN THE DECAY Bs → J/ψφ AT DØ 387

Table II. – The one-dimensional estimates of physics parameters for the BDT-cuts sample,
Square-cuts sample and final result values with systematic error.

Parameter BDT-cut sample Square-cut sample Final result

τs (ps) 1.426+0.035
−0.032 1.444+0.041

−0.033 1.443+0.038
−0.035

ΔΓs (ps−1) 0.129+0.076
−0.053 0.179+0.059

−0.060 0.163+0.065
−0.064

φ
J/ψφ
s −0.49+0.48

−0.40 −0.56+0.36
−0.32 −0.55+0.38

−0.36

|A0|2 0.552+0.016
−0.017 0.565 ± 0.017 0.558+0.017

−0.019

|A‖|2 0.219+0.020
−0.021 0.249+0.021

−0.022 0.231+0.024
−0.030

δ‖ 3.15 ± 0.27 3.15 ± 0.19 3.15 ± 0.22

cos(δ⊥ − δs) −0.06 ± 0.24 −0.20+0.26
−0.27 −0.11+0.27

−0.25

FS 0.146 ± 0.035 0.173 ± 0.036 0.173 ± 0.036

contours in the (φJ/ψφ
s ,ΔΓs) plane. The p-value for the SM point [16] (φJ/ψφ

s ,ΔΓs) =
(−0.038, 0.087 ps−1) is 29.8%.

8. – Summary and discussion

We have presented a time-dependent angular analysis of the decay process
B0

s → J/ψφ. We measure B0
s mixing parameters, average lifetime, and decay amplitudes.

In addition, we measure the amplitudes and phases of the polarization amplitudes. We
also measure the level of the KK S-wave contamination in the mass range 1.01–1.03 GeV,
FS . The final result values for the 68% CL intervals, including systematic uncertainties,
with the oscillation frequency constrained to ΔMs = 17.77± 0.12 ps−1, are shown in the
last column of table II. The p-value for the SM point (φJ/ψφ

s ,ΔΓs) = (−0.038, 0.087 ps−1)
is 29.8%.

SM p-value = 29.8%
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Fig. 2. – Two-dimensional 68%, 90% and 95% CL contours including systematic uncertainties.
The standard model expectation is indicated as a point with an error.
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Summary. — A model which describes the time-dependent CP formalism in D0

decays has recently been proposed. There it has been highlighted a possible measure-
ment of the angle βc, in the charm unitarity triangle, using the decays D0 → K+K−

and D0 → π+π−, and a measurement of the mixing phase φMIX . The same method
can be used to measure the value of the parameter x, one of the two parameters
defining charm mixing. We numerically evaluate the impact of a time-dependent
analysis in terms of the possible outcomes from present and future experiments.
We consider the scenarios of correlated D0 mesons production at the center-of-mass
energy of the Ψ(3770) at SuperB, uncorrelated production at the center-of-mass
energy of the Υ(4S) at SuperB and Belle II, and LHCb. Recently a hint of direct
CP violation in charm decays was reported by the LHCb Collaboration, we estimate
the rate of time-dependent asymmetry that could be achieved using their available
data, and we generalise the result for the full LHCb program. We conclude that
LHCb is already able to perform a first measurement of βc,eff , and slightly improve
the present constraints on the parameters x and φMIX . A more precise determi-
nation of βc,eff , φMIX and x will require a larger data sample, and most probably
the cleaner environment of the new high-luminosities B-factories (both SuperB and
Belle II) will be needed. We show that SuperB will be able to measure βc,eff and
φMIX with a precision of 1.3◦ and improve the precision on x by a factor of two.

PACS 13.25.Hw – Decays of bottom mesons.
PACS 12.15.Hh – Determination of Cabibbo-Kobayashi & Maskawa (CKM) matrix
elements.
PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.

1. – Introduction

Since the discovery in 1964 of CP violation in the kaon system [1], CP violation has
been observed also in the B meson system [2, 3]. In the charm sector, CP violation has
long been expected to be too small to be observed at precision available until recently
when, the LHCb Collaboration has reported a difference in direct CP asymmetries in
D0 → K+K− and D0 → π+π− that is 3.5σ from the CP -conserving hypothesis [4]. In [5]

c© Società Italiana di Fisica 389
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the standard model (SM) description of these decays using the same CKM paradigm
that provides a rather satisfactory description of such decays of B0 mesons is considered.
Since the LHCb result, a broader view of this paradigm that might accomodate the large
asymmetry is examined in [6]. It is clear that, in order to understand the nature of
CPV in D0 decays, measurements of weak phases in these decays are essential. In [5],
it is proposed that, as with B0 decays, time-dependent CP asymmetries in D0 decays
may provide the most direct way to measure these phases. In this paper, we further
examine the precision that might be anticipated in four experimental scenarios that are
likely to be available over the coming decade to evaluate the rate of time-dependent CP
asymmetries in D0 → K+K− and D0 → π+π− in the three proposed environments
(SuperB, LHCb, Belle II).

2. – Time-dependent CP violation in the charm sector

In the standard model (SM), CP violation is described in terms of the complex phase
appearing in Cabibbo-Kobayashi-Maskawa (CKM) matrix [7,8]. The matrix is a unitary
3 × 3 matrix which provides a description of quark mixing in terms of the coupling
strengths for up-to-down quark type transitions, and it may be written as

(1) VCKM =

⎛
⎝ Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞
⎠ .

Within this framework the probability to observe a transition between a quark q to a
quark q′ is proportional to |Vqq′ |2.

2.1. Buras parametrisations of the CKM matrix . – In ref. [5] the CKM matrix has
been written using the “Buras” parametrisation [9]:

VCKM =(2)⎛
⎜⎝

1−λ2/2−λ4/8 λ Aλ3(ρ̄−iη̄)+Aλ5(ρ̄−iη̄)/2
−λ+A2λ5[1−2(ρ̄ + iη̄)]/2 1−λ2/2−λ4(1 + 4A2)/8 Aλ2

Aλ3[1−(ρ̄+iη̄)] −Aλ2+Aλ4[1 − 2(ρ̄+iη̄)]/2 1−A2λ4/2

⎞
⎟⎠

+O(λ6).

We adopt the convention of writing the CKM matrix in terms of ρ and η because
these represent the coordinates of the apex of the well known bd unitarity triangle. Since
unitarity triangles are mathematically exact, it is very important to measure their angles
and sides to verify unitarity. One of the six unitarity relationships of the CKM matrix
may be written as

(3) V ∗
udVcd + V ∗

usVcs + V ∗
ubVcb = 0,

which represents the cu triangle that we will call the charm unitarity triangle or simply
charm triangle. The internal angles of this triangle are given by

αc = arg [−V ∗
ubVcb/V ∗

usVcs] ,(4)
βc = arg [−V ∗

udVcd/V ∗
usVcs] ,(5)

γc = arg [−V ∗
ubVcb/V ∗

udVcd] .(6)
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Fig. 1. – Generated distributions according to our formulas for D0 → f(left) and for D0 →
f(right) produced at the center-of-mass energy of the Ψ(3770).

In ref. [5] we proposed the measurement of βc,eff using time-dependent CP asymmetries
in charm decays and using the results of Global CKM fits, predicted that

(7) βc = (0.0350 ± 0.0001)◦.

On comparing eq. (5) with eq. (2), one can see that Vcd = Vcde
i(βc−π) in this convention.

2.2. Time-dependent formalism. – We consider two different cases of D0 meson pro-
duction: uncorrelated and correlated D0 production. Uncorrelated D0’s are produced
from the decays of B mesons in electron-positron colliders when particles are collided
at a center-of-mass energy corresponding to the Υ(4S) resonance, from cc continuum,
or in hadrons collider. The correlated D0 mesons are produced in an electron-positron
machine running at a center-of-mass energy corresponding to the Ψ(3770) resonance.
The time evolution for both situations, shown in fig. 1, is given by [5]

uncorrelated case

Γ± ∝ e−Γ1t

[(
1 + eΔΓt

)
2

+
Re(λf )

1 + |λf |2
(
1 − eΔΓt

)
(8)

±eΔΓt/2

(
1 − |λf |2
1 + |λf |2

cos ΔMt − 2Im(λf )
1 + |λf |2

sin ΔMt

)]
,

correlated case

Γ± ∝ e−Γ1|Δt|
[
h+

2
+

Re(λf )
1 + |λf |2

h−(9)

±eΔΓΔt/2

(
1 − |λf |2
1 + |λf |2

cos ΔMΔt − 2Im(λf )
1 + |λf |2

sin ΔMΔt

)]
,

where Γ+ refers to D0(qc = +2/3) decays and Γ− to D0(qc = −2/3) decays, h± =
1±eΔΓΔt and λf = q

p
A
A . Here q and p are the parameters defining the mixing and A (A)
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is the amplitude for the D (D) decay to a final state f . If |A|2 �= |A|2 there is direct CP
violation (in the decay) and |q/p| �= 1 would signify CP violation in mixing. The study
of λf (which should not be confused with the term λ appearing in the CKM matrix) is
able to probe the combination of CP violation due to mixing and decay, and this form of
CP violation is referred to as CP violation in the interference between mixing and decay.
Considering eqs. (8) and (9) the time-dependent asymmetries associated with the time
evolution of the D0 mesons can be written in terms of the physical decay rate including
the mistag probability, ω(ω̄), for incorrect tagging of the D0 (D0) flavour as follows:

ΓPhys(t) = (1 − ω)Γ+(t) + ω Γ−(t),(10)

Γ
Phys

(t) = ωΓ+(t) + (1 − ω)Γ−(t),(11)

where Γ+(t) and Γ−(t) are from eqs. (8) and (9) and ω (ω) represents the mistag prob-
ability for the particle (antiparticle) apparent decay rates for D0 and D0, respectively.
Hence for uncorrelated mesons the time dependent CP asymmetry accounting for mistag
probability is

APhys(t) =
Γ

Phys
(t) − ΓPhys(t)

Γ
Phys

(t) + ΓPhys(t)
(12)

= Δω +
(D − Δω)eΔΓt/2[(|λf |2 − 1) cos ΔMt + 2Imλf sin ΔMt]

h+(1 + |λf |)2/2 + Re(λf )h−
,

where Δω = ω − ω and D = 1 − 2ω.
Similarly the asymmetry for correlated mesons is

APhys(Δt) =
Γ

Phys
(Δt)−ΓPhys(Δt)

Γ
Phys

(Δt)+ΓPhys(Δt)
(13)

= −Δω+
(D+Δω)eΔΓΔt/2[(|λf |2 − 1) cos ΔMΔt+2Imλf sin ΔMΔt]

h+(1+|λf |)2/2+Re(λf )h−
.

The above equations may be written in terms of x and y allowing for the measure-
ment of the mixing phase. We report here the time-dependent asymmetry equation for
correlated mesons (similar results may be obtained in the uncorrelated case):

(14) APhys
x,y (Δt) = −Δω +

(D + Δω)eyΓΔt[(|λf |2 − 1) cos xΓΔt + 2Imλf sinxΓΔt]
h+(1 + |λf |)2/2 + Re(λf )h−

.

3. – MC test of time-dependent numerical analysis

One of the issues raised in [5] is the possibility to use different decay channels of
the D0 mesons to constrain the value of the angle βc of the charm triangle. The decay
D0 → K+K− will be used to measure the mixing phase, the decay D0 → π+π− will be
used to measure φMIX − 2βc and the difference between the two channels will provide
a first measurement of the angle βc. In this framework, long distance contributions to
decay are not considered. The latter together with the different contribution to decay
D0 → π+π− from penguin topologies will introduce theoretical uncertainties, and for
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Fig. 2. – The time-dependent CP asymmetry expected for D0 → π+π− decays in a 75 ab−1

sample of data at the Υ(4S).

this reason we refer to the angle βc as βc,eff where effective indicates that there are
theoretical uncertainties that need to be evaluated. To evaluate the asymmetry, and
estimate the precision on βc,eff that one might achieve in the different experimental
environments described in the previous section, we generate a set of one hundred Monte
Carlo data samples. Each one based on the expected number of tagged D0 decays in the
corresponding experimental setup, and we generate data according to the distributions
given in eqs. (8) and (9), where the parameters involved are evaluated as in ref. [10].
We evaluate the asymmetry given in eqs. (12) and (13) including the expected mistag
probabilities, and perform a binned fit to the simulated data. The distributions that
we are considering here have been expressed as functions of |λf | and arg(λf ) ≡ φ =
φMIX − 2φCP , and the fit is performed keeping |λf | = 1 and allowing arg(λf ) to vary.
The same results are obtained when also |λf | is also allowed to vary in the fit. It is
important to mention that a measurement of λf �= 1 in an experiment would be a
signature of direct CP violation [5].

3.1. SuperB at the Υ(4S). – The SuperB Collaboration is expected to start taking
data in 2017 [11-14], and the integrated luminosity which will be achieved with the full
program is expected to be 75 ab−1. With this luminosity one would expect to reconstruct
6.6×106 tagged D0 → π+π− events in a data sample of 75 ab−1 with a purity of 98% [5].
The results of the numerical analysis are shown in fig. 2.

The asymmetry parameters determined here have a precision of σarg(λππ) = σφππ
=

2.2◦. The same procedure when applied to the D0 → K+K− channel to measure
σarg(λKK) = σφKK

, for which one would expect to reconstruct 1.8 × 107 events, leads
to precision of σφKK

= 1.6◦. When the results from D0 → K+K− and D0 → π+π− are
combined one obtains a precision in βc,eff of σβc,eff

= 1.4◦.

3.2. SuperB at the Ψ(3770). – The SuperB Collaboration is planning to have a ded-
icated run at the center-of-mass energy of the Ψ(3770) resonance, to collect an inte-
grated luminosity of 1.0 ab−1. With this luminosity one would expect to record 979000
D0 → π+π− reconstructed events, when the full set of semi-leptonic decays K(∗)�ν�

� = e, μ is used to tag the flavor of D0 mesons (with negligible mistag probability). The
results of the numerical analysis are shown in fig. 3.
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Fig. 3. – The time-dependent CP asymmetry expected for D0 → π+π− decays in 1 ab−1 sample
of data at the Ψ(3770).

The phase φππ could be measured with a precision of σφππ
= 5.7◦. One may also

consider using hadronically tagged events, for example, D0 → K−X (K+X), where X is
anything, which corresponds to 54% (3%) of all D0 meson decays from which one would
expect ω � 0.03, and that the asymmetry in particle identification of K+ and K− in the
detector will naturally lead to a small, but non-zero value of Δω. We expect that there
would be approximately 4.8 million kaon tagged D0 → π+π− events in 1.0 ab−1 at charm
threshold. Using these data alone, one would be able to measure φππ to a precision of
2.7◦. Hence if one combines the results from semi-leptonic and kaon tagged events, a
precision of σφππ

∼ 2.4◦ is achievable.

3.3. LHCb. – Another possible scenario is that of measuring time-dependent asym-
metries from uncorrelated D mesons in a hadronic environment, in particular the LHCb
experiment. Here dilution and background effects will be larger than those at an e+e−

machine, but the data are already available and it would be interesting to perform the
time-dependent analysis, especially after the recent results on time integrated CP vio-
lation in ref. [4]. As already mentioned a measurement of |λf | �= 1 will signify direct
CP violation. Given that the measurement of λf is likely expected to be dominated by
uncertainties, especially in ω and Δω, it is not clear what the ultimate precision obtained
from LHCb will be. The best way to ascertain this would be to perform the measurement
on the existing data set. We have estimated that LHCb will collect 4.9× 106 D∗ tagged
D0 → π+π− decays in 5 fb−1 of data, based on the 0.62 fb−1 of data shown in [4], and
we consider also the outcome of a measurement for 1.1 fb−1 (equivalent to 0.7 × 106 D∗

tagged D0 → π+π− decays) already available after the 2011 LHC run. In [5] we estimate
a purity of � 90% and ω � 6% which results in the asymmetry obtained in fig. 4 for
5 fb−1 of data.

This fit is translated into a potential measurement of the phase φππ with a precision
of 3.0◦. With 1.1 fb−1 of data we estimate that LHCb may be able to reach a precision
of 8◦ on φππ.

3.4. Belle II . – The last scenario considered here is that of Belle II with 50 ab−1 of
data collected at the center-of-mass energy of the Υ(4S) [15]. We have considered the
same efficiency and mistag probability as for SuperB and we expect that 4.4 × 106 D∗

tagged D0 → π+π− will be collected. The resulting asymmetry is shown in fig. 5. The
precision on φππ obtained for this scenario is estimated to be 2.8◦.
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Fig. 4. – The time-dependent CP asymmetry expected for D0 → π+π− decays in a 5 fb−1

sample of data at LCHb.

4. – Time-dependent sensitivity studies

4.1. Sensitivity to x. – We consider the same data sample discussed in the previous
sections for D0 → π+π− and D0 → K+K−. While we find that results from the time-
dependent analysis are not sensitive to the parameter y, and that with 1.0 ab−1 of data
collected at charm threshold at SuperB it will be possible to improve the currently known
precision on x by a factor of two with respect to the most recent HFAG values [16]. The
precision that could be reached is shown in table I.

4.2. Sensitivity to βc,eff , φMIX and φCP . – We show in table II a summary of the
possible sensitivities that the different experiments could achieve when measuring the
mixing and the weak phase.

At first order the decay D0 → K+K− measure the mixing phase, therefore one can
consider φKK = arg(λKK) = φMIX and use the time dependent analysis to measure it
to a precision of ≈ 1.4◦–1.6◦.
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Fig. 5. – The time-dependent CP asymmetry expected for D0 → π+π− decays in a 50 ab−1

sample of data at the Υ(4S) at Belle II.
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Table I. – Estimates of the sensitivity on x for all the experimental scenarios and their projected
luminosities for the decays D0 → π+π− and D0 → K+K− and φ = φMIX − 2βc,eff .

Experiment/HFAG σx(φ = ±10◦) σx(φ = ±20◦)

SuperB [Υ(4S)]
D0 → π+π− 0.12% 0.06%
D0 → K+K− 0.08% 0.04%

SuperB [Ψ(3770)]
D0 → π+π−(SL) 0.30% 0.15%
D0 → π+π−(SL + K) 0.13% 0.06%
D0 → K+K−(SL) 0.19% 0.10%
D0 → K+K−(SL + K) 0.08% 0.04%

LHCb
D0 → π+π− (1.1 fb−1) 0.40% 0.20%
D0 → K+K− (1.1 fb−1) 0.22% 0.11%
D0 → π+π− (5.0 fb−1) 0.15% 0.08%
D0 → K+K− (5.0 fb−1) 0.09% 0.04%

Belle II
D0 → π+π− 0.14% 0.07%
D0 → K+K− 0.10% 0.04%

HFAG 0.20%

4.3. Systematic uncertainties. – The knowledge of the parameters x and y which define
the mixing is limited by their relative uncertainties. Since our analysis is not sensitive
to the parameter y, we considered the most recent results from the HFAG [16] and we
evaluated the effect of varying the parameter ΔΓ = 2yΓ considering plus-and-minus one
standard deviation. This is the systematic uncertainty due to the limited precision in y.

Table II. – Summary of expected uncertainties from 1 ab−1 of data at charm threshold, 75 ab−1

of data at the Υ(4S), 5 fb−1 of data from LHCb, and 50 ab−1 of data at the Υ(4S) at Belle II
for D0 → π+π− decays. The column marked SL corresponds to semi-leptonic tagged events, and
the column SL+K corresponds to semi-leptonic and kaon tagged events at charm threshold. The
last row shows the precision in βc,eff expected from a simultaneous fit to ππ and KK where we
assume that, for KK, the decay is dominated by a tree amplitude.

Parameter
SuperB LHCb Belle II

Ψ(3770) Ψ(3770) Υ(4S)
SL SL+K π±

s π±
s π±

s

σφππ = σarg(λππ) 5.7◦ 2.4◦ 2.2◦ 3.0◦ 2.8◦

σφKK = σarg(λKK) 3.5◦ 1.4◦ 1.6◦ 1.8◦ 1.8◦

σβc,eff 3.3◦ 1.4◦ 1.4◦ 1.9◦ 1.7◦
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Table III. – Summary of expected systematic uncertainties due to the limited knowledge of
the parameter y from 1 ab−1 of data at charm threshold and 75 ab−1 of data at the Υ(4S). The
column marked SL corresponds to semi-leptonic tagged events, and the column SL+K corresponds
to semi-leptonic and kaon tagged events at charm threshold while π±

s refers to the slow pion tag
at the Υ(4S).

Parameter
Ψ(3770) Ψ(3770) Υ(4S)

SL SL+K π±
s

σφππ (sys.) 0.5◦ 0.2◦ 0.05◦

σφKK (sys.) 0.2◦ 0.1◦ 0.02◦

σβc,eff (sys.) 0.27◦ 0.11◦ 0.03◦

The value of the uncertainty in the parameter y is 0.013% and it is given in [16]. The
results are shown in table III.

4.4. Combined results for SuperB. – We evaluated the combination of the results
obtained for the different centre-of-mass energy at SuperB. The final results are made
on the assumption that φ = φMIX − 2βc = ±10◦ and they are shown in table IV.

5. – Conclusions

This paper elucidates the time-dependent analysis of the D0 mesons discussed in
ref. [5]. We concentrated on the possible measurement of the βc,eff angle of the charm
unitarity triangle, on the mixing phase φMIX and on the mixing parameters. We estimate
our results and compare them for the experimental environments that we think could and
should perform this analysis: SuperB, LHCb and Belle II. We found that SuperB may
perform better this analysis, but time is required before the collaboration will start data
taking. LHCb will have to control the background levels to perform this measurement
resulting then in a challenging analysis. However as referred to in the article the LHCb
Collaboration has already available an amount of data to analyse. This same amount of
data has already shown a first hint of direct CP violation in charm, we think it would be
worth going through the time-dependent formalism. The Belle II Collaboration will start
data taking in few years, and the background-clean environment will allow to perform
a time-dependent analysis and an evaluation of the mixing phase and of the βc,eff at
high precision.

Table IV. – Combined sensitivities at SuperB.

Parameter
Statistical Systematic
sensitivity sensitivity

σx (D0 → π+π−) 0.09% –
σx (D0 → K+K−) 0.05% –

σφππ 1.62◦ 0.14◦

σφKK 1.05◦ 0.02◦

σβc,eff 0.92◦ 0.03◦
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Summary. — We present a search for beyond the standard model (BSM) Higgs
bosons in τ lepton final states at DØ. Data were collected by the DØ detector
in proton-antiproton collisions at a center-of-mass energy of

√
s = 1.96 TeV during

Run II at the Tevatron with up to 7.0 fb−1 of integrated luminosity. The results are
used to set 95% CL limits on the pair production cross section on these BSM Higgs
bosons.

PACS 14.80.Fd – Other charged Higgs bosons.
PACS 13.85.Rm – Limits on production of particles.

1. – Introduction

Beyond the standard model (BSM) Higgs boson searches in τ final states are of specific
interest as several BSM theories, such as Supersymmetry, predict enhanced couplings to
τ leptons. Supersymmetry (SUSY) is an extension to the standard model (SM) that
predicts an additional symmetry between bosons and fermions. SUSY has several ad-
vantages over the SM, such as the introduction of a dark matter candidate, a solution to
the hierarchy problem and a potential for GUT scale unification. The minimal supersym-
metric standard model, MSSM, [1] is the simplest version of a SUSY theory. It predicts,
after symmetry breaking, five Higgs bosons of which three are neutral and two charged,
denoted by h,H,A,H+ and H−. In the MSSM the coupling of the neutral Higgs to
down-type quarks and leptons is enhanced by a factor of tanβ and the corresponding
coupling to the up-type quarks and leptons is suppressed. This means that decay modes
to bottom quarks and tau leptons are dominant with a predicted decay rate of around
90% to bottom quarks and 10% to tau leptons. At a hadron collider, the bottom quark
channel is background dominated from multijet production.

In other BSM theories, Higgs bosons with higher multiplicities of charge can be cre-
ated. In Higgs triplet models, for example, Higgs bosons with a double charge, H±±,
can be produced. For these doubly-charged Higgs bosons various models predict the
decay of the H±± to τ leptons to be of specific importance. The 3-3-1 model of ref. [2]
predicts that the decays H±± → τ±τ± are dominant. Assuming the normal hierarchy
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of neutrino masses in a seesaw neutrino mass mechanism leads to approximately equal
branching fractions for H±± boson decays to ττ , μτ , and μμ, if the mass of the lightest
neutrino is less than 10 meV [3].

Left-right symmetric models can be considered to be a general Higgs triplet model.
These predict both right-handed (H±±

R ) and left-handed states (H±±
L ). These are char-

acterized through their coupling to right and left-handed fermions, respectively. The
cross section for production of right-handed H++

R H−−
R pairs is about a factor of two

smaller than for H++
L H−−

L because of the different coupling to the Z boson [4]. The
mass limits for H±±

R bosons therefore tend to be weaker than for H±±
L bosons.

In this paper I summarize the first search for H±± → τ±τ± decays at a hadron
collider. This analysis is based on data collected with the DØ detector at the Fermilab
Tevatron Collider which corresponds to an integrated luminosity of up to 7.0 fb−1 [5]. The
decay of the H±± into tau leptons and muons was studied. Limits were set for left-handed
and right-handed Higgs for three model independent cases, when B(H±±

L → τ±τ±) = 1,
B(H±±

L → μ±τ±) = 1 and when the B(H±±
L → τ±τ±) + B(H±±

L → μ±τ±) = 1. Limits
were in addition set for a left-handed Higgs for one model dependent case, with equal
branching ratios to ττ , μμ and τμ states as predicted by [3].

2. – The doubly charged Higgs

The analysis summarized here assumes that H±± Higgs bosons could be pair-
produced through the mechanism qq̄ → Z/γ∗ → H++H−− → �+�′+�−�′− (�, �′ =
e, μ, τ), where the H±± decays to τ and μ leptons. Single production of H±± bosons
through W exchange, leading to H±±H∓ final states, is not considered in the analysis
presented here to reduce the model dependency of the results [6]. The decay of H±± into
electrons is also not considered [5]. This analysis also considers decays to mixed flavor
lepton pairs, since all H±± decays violate lepton flavor number conservation.

The H±± bosons have been searched for previously at the LEP e+e− Collider at
CERN [7] and at the HERA ep Collider at DESY [8]. Limits were set on the mass
of the H±± boson between 95–100 GeV, for τ leptons, muons and electrons. Single
H±± production was studied by the OPAL and H1 Collaborations in the processes
e+e− → e∓e∓H±± [9] and e±p → �∓H±±p [8]. In addition, OPAL also studied Bhabha
scattering, e+e− → e+e− [9] which constrains the H±± boson’s Yukawa couplings hee to
electrons.

The DØ and CDF Collaborations at the Tevatron Collider set limits on the mass of
the H±± in the range M(H±±

L ) > 112–150 GeV, assuming 100% decays into μμ, ee, eτ ,
and μτ final states [10-13].

3. – The DØ detector

The DØ detector [14] is a general purpose detector containing tracking detectors,
calorimeters and a muon spectrometer. The tracking detector consists of a silicon mi-
crostrip detector and a scintillating fiber tracker which are used to reconstruct charged
particle tracks within a 2 T solenoid. The calorimeter is uranium and liquid-argon based
and used to measure particle energies. The selected events are required to pass triggers
that select at least one muon candidate, which are identified by requiring both tracks in
the central tracker and hits in the muon spectrometer.
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All background and signal processes are simulated using Monte Carlo (MC) event
generators, except the multijet background, which is determined from data. The W+jet,
Z/γ∗ → �+�−, and tt̄ processes are generated using alpgen [15] with showering and
hadronization provided by pythia [16]. Diboson production (WW, WZ, and ZZ) and
signal events are simulated using pythia. The τ lepton decays are simulated with
tauola [17], which includes a full treatment of the tau polarization. The signal and
diboson processes are normalized to next-to-leading order (NLO) quantum chromody-
namics calculations of their cross sections. Next-to-NLO calculations are used for all
other processes.

The generated MC samples are processed through a geant [18] simulation of the
detector and are overlaid with data from random beam crossings which account for the
detector noise and additional pp interactions in the analyzed data. Efficiency corrections
are applied to the simulated distributions, for the trigger efficiency in data as function of
the instantaneous luminosity. They are also applied for the differences between data and
simulation in the reconstruction efficiencies and in the distribution of the longitudinal
coordinate of the interaction point along the beam direction.

At DØ tau leptons are categorized into three types depending on their decays and
hence their signature in the detector. Type-1 tau lepton candidates consist of a calorime-
ter cluster, with one associated track and no subcluster in the EM section of the calorime-
ter. This signature corresponds mainly to τ± → π±ν decays. For type-2 tau lepton
candidates, an energy deposit in the EM calorimeter is required in addition to the type-1
signature, as expected for τ± → π±π0ν decays. For type-3 tau lepton candidates, an
energy deposit in the EM calorimeter and the more than one reconstructed track is re-
quired, in addition to the type-2 requirements. This corresponds mainly to the decays
τ± → π±π±π∓(π0)ν (3-prong).

A neural network, with an output variable NNτ designed to discriminate τh from
jets, is trained for each tau type. The input variables are based on jet isolation variables
and on the spatial distribution of showers. A requirement of NNτ > 0.75 [19] for all tau
types greatly reduces the jet background significantly [5].

4. – Event selection

The H±± analysis [5] requires events with at least one isolated muon and at least
two τh candidates, where τh indicates a hadronically decaying tau lepton. The τh are
restricted to type-1 or type-2 to reduce the contamination from jets misidentified as
hadronically decaying tau leptons.

Each event must have a reconstructed pp interaction vertex with a longitudinal com-
ponent located within 60 cm of the nominal center of the detector. The longitudinal
coordinate zdca of the distance of closest approach for each track is measured with re-
spect to the nominal center of the detector. The differences between zdca of the highest-pT

muon and the two highest-pT τh (labeled τ1 and τ2), must be less than 2 cm. The pseu-
dorapidity(1) of the selected muons, τ1, and τ2 must be |ημ| < 1.6 and |ητ1,2 | < 1.5,
respectively, and for additional τh candidates we require |ητ | < 2. The transverse mo-
menta must be pμ

T > 15 GeV and p
τ1,2
T > 12.5 GeV. All selected τh candidates and muons

are required to be separated by ΔRμτ > 0.5, where ΔR =
√

(Δφ)2 + (Δη)2 and φ is the

(1) The pseudorapidity is defined as η = − ln[tan(θ/2)], where θ is the polar angle with respect
to the proton beam direction.
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Fig. 1. – M(τ1, τ2) distribution for the (a) qτ1 = qτ2 and (b) qτ1 = −qτ2 samples after all

selections [5]. The data are compared to the sum of the expected background and to simulations

of a H±±
L H±±

L signal for M(H±±) = 120 GeV and B(H±±
L → τ±τ±) = 1, B(H±±

L → μ±τ±) =

1, and B(H±±
L → τ±τ±) = B(H±±

L → μ±μ±) = B(H±±
L → μ±τ±) = 1/3, normalized using the

NLO calculation of the cross section. “Other” background comprises W + jet, Z/γ∗ → e+e−,
and tt̄ processes. All entries exceeding the range of the histogram are added to the last bin.

azimuthal angle, and the two leading τh must be separated by ΔRτ1τ2 > 0.7. The sum of
the charges of the highest-pT muon, τ1, and τ2 is required to be Q =

∑
i=μ,τ1,τ2

qi = ±1
as expected for signal events. After all selections, the main background is from diboson
production and Z → τ+τ−, where an additional jet mimics a lepton.

The multijet background contribution is estimated from data using three independent
data samples and identical selections, except with the NNτ requirements reversed, by
requiring that either one or both τh candidates have NNτ < 0.75. The expected back-
ground simulated as described in sect. 3 is subtracted before the samples are used to
determine the differential distributions and normalization of the multijet background in
the signal region. The total rate of expected multijet background events following all
selections is negligible (< 3% of the total background).

The selected data, after all requirements are applied, are separated into four non-
overlapping samples. As defined by the charges of the muon (qμ) and the τh candidates
(qτ ) and the number of muons (Nμ) and τh (Nτ ) in the event. Two samples are defined
where Nμ = 1 and Nτ = 2, and are further subdivided into the cases where both tau
leptons have the same charge, qτ1 = qτ2 , and events with τ1 and τ2 of opposite charge,
i.e., qτ1 = −qτ2 , which implies that one of the τ leptons and the muon have the same
charge. This separates the cases where the H±± decays into two tau leptons, from when
it decays into a tau lepton and a muon. The third sample is defined by Nτ = 3 and the
fourth sample by Nμ = 2, without any additional requirements on the charges.

Figures 1(a) and (b) show the distributions of the invariant mass of the two leading
tau candidates, M(τ1, τ2), for the like- and opposite-charge samples. The samples have
different fractions of signal and background events the like-charge sample being domi-
nated by background from Z+jets decays and the opposite-charge sample by background
from diboson production. The diboson background has a significant contribution from
WZ → μνe+e− events where the electrons are misidentified as tau leptons [5]. The
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Table I. – Numbers of events in data, predicted background, and expected signal for M(H±±
L ) =

120GeV, assuming the NLO calculation of the signal cross section for B(H±±
L → τ±τ±) = 1,

B(H±±
L → μ±τ±) = 1, and B(H±±

L → τ±τ±) = B(H±±
L → μ±μ±) = B(H±±

L → μ±τ±) = 1/3.

The numbers are shown for the four samples separately, together with their total uncertainties.

All Nμ = 1 Nμ = 1 Nμ = 2

Nτ = 2 Nτ = 3 Nτ = 2

qτ1 = qτ2 qτ1 = −qτ2

Signal

τ±τ± 6.6 ± 0.9 1.4 ± 0.2 3.1 ± 0.4 1.6 ± 0.2 0.4 ± 0.1

μ±τ± 13.9 ± 1.9 0.3 ± 0.1 6.8 ± 0.9 0.4 ± 0.1 6.3 ± 0.9

Equal B 9.5 ± 1.3 2.5 ± 0.3 3.1 ± 1.0 1.2 ± 0.2 2.6 ± 0.4

Background

Z → τ+τ− 8.2 ± 1.1 3.4 ± 0.5 4.8 ± 0.7 < 0.1 < 0.1

Z → μ+μ− 5.1 ± 0.7 2.2 ± 0.3 2.5 ± 0.4 0.1 ± 0.1 0.2 ± 0.1

Z → e+e− 0.3 ± 0.1 < 0.1 0.3 ± 0.1 < 0.1 < 0.1

W + jets 2.9 ± 0.4 1.1 ± 0.2 1.8 ± 0.3 < 0.1 < 0.1

tt̄ 0.6 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 < 0.1

Diboson 10.5 ± 1.7 0.5 ± 0.1 8.5 ± 1.4 0.4 ± 0.1 1.1 ± 0.2

Multijet < 0.8 < 0.2 < 0.5 < 0.1 < 0.1

Background

Sum 27.6 ± 4.9 7.5 ± 1.2 18.2 ± 3.3 0.6 ± 0.1 1.3 ± 0.2

Data 22 5 15 0 2

different background compositions in the separate samples increases the sensitivity to
the signal. The expected number of background and signal events for the four samples
and the observed numbers of events in data are shown in table I with the statistical
uncertainties of the MC samples and systematic uncertainties added in quadrature.

As the data are described well by the background prediction, limits are set on the
H++H−− production cross section using a modified frequentist approach [20]. A log-
likelihood ratio (LLR) test statistic is formed using the Poisson probabilities for estimated
background yields, the signal acceptance, and the observed number of events for different
H±± mass hypotheses. The confidence levels are derived by integrating the LLR dis-
tribution in pseudo-experiments using both the signal-plus-background (CLs+b) and the
background-only hypotheses (CLb). The excluded production cross section is taken to
be the cross section for which the confidence level for signal, CLs = CLs+b/CLb, equals
0.05. The M(τ1, τ2) distribution was used to discriminate signal from background [5].

5. – Systematic uncertainties

Systematic uncertainties on both background and signal, including their correlations,
are taken into account [5]. The theoretical uncertainty on background cross sections for
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Fig. 2. – Upper limit on the H±±
L H±±

L pair production cross section for (a) B(H±±
L → τ±τ±) =

1, (b) B(H±±
L → μ±τ±) = 1, and (c) B(H±±

L → τ±τ±) = B(H±±
L → μ±μ±) = B(H±±

L →
μ±τ±) = 1/3. The bands around the median expected limits correspond to regions of ±1 and
±2 standard deviation (s.d.), and the band around the predicted NLO cross section for signal
corresponds to a theoretical uncertainty of ±10% [5].

Z/γ∗ → �+�−, W +jets, tt̄, and diboson production varies between 6%–10%. The uncer-
tainty on the measured integrated luminosity is taken to be 6.1% [21]. The systematic
uncertainty on muon identification is 2.9% per muon and the uncertainty on the identi-
fication of τh, including the uncertainty from applying a neural network to discriminate
τh from jets, is 4% for each type-1 and 7% for each type-2 τh candidate. The trigger
efficiency has a systematic uncertainty of 5%. The uncertainty on the signal acceptance
from parton distribution functions is 4%.

6. – Limits

The upper limits on the cross sections are compared to the NLO signal cross sec-
tions for H±±

L H±±
L pair production [4] in fig. 2, for the branching ratios (a) B(H±±

L →
τ±τ±) = 1, (b) B(H±±

L → μ±τ±) = 1, and (c) B(H±±
L → τ±τ±) = B(H±±

L → μ±μ±) =
B(H±±

L → μ±τ±) = 1/3. The corresponding expected and observed limits are shown in
table II.
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Table II. – Expected and observed limits on M(H±±) (in GeV) for left-handed and right-handed
H±± bosons. Only left-handed states exist in the model that assumes equality of branching
fractions into ττ , μτ , and μμ final states. We only derive limits if the expected limit on M(H±±)
is ≥ 90 GeV.

Decay H±±
L H±±

R

expected observed expected observed

B(H±± → τ±τ±) = 1 116 128

B(H±± → μ±τ±) = 1 149 144 119 113

Equal B into

τ±τ±, μ±μ±, μ±τ± 130 138

B(H±± → μ±μ±) = 1 180 168 154 145

The H±± boson mass limits, assuming B(H±± → τ±τ±)+B(H±± → μ±μ±) = 1 are
determined by combining signal samples generated with pure 4τ , (2τ/2μ), and 4μ final
states with fractions B2, 2B(1 − B), and (1 − B)2, respectively, where B ≡ B(H±± →
τ±τ±). As this analysis did not analyze a pure muon sample, a search for H++H−− →
4μ, performed by the DØ Collaboration with 1.1 fb−1 of integrated luminosity [10] is
included in the limit setting to account for this contribution. The invariant mass of the
two highest pT muons, including the systematic uncertainties and their correlations is
used as the final discriminant. The determined mass limits are shown in fig. 3 for varying
the branching ratio to tau leptons B = 0%–100% in steps of 10%.

7. – Summary

In summary, BSM Higgs searches with tau leptons may be of specific interest. The first
search at a hadron collider for pair production of doubly charged Higgs bosons decaying
exclusively into tau leptons has been summarized as a example of such a search. This

Fig. 3. – Expected and observed exclusion region at the 95% CL in the plane of B(H±± → τ±τ±)
versus M(H±±), assuming B(H±± → τ±τ±) + B(H±± → μ±μ±) = 1, for (a) left-handed and
(b) right-handed H±± bosons. The band around the expected limit represents the uncertainty
on the NLO calculation of the cross section for signal [5].
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analysis set an observed (expected) lower limit of M(H±±
L ) > 128 (116) GeV for a 100%

branching fraction of H±± → τ±τ±, M(H±±
L ) > 144 (149) GeV for a 100% branching

fraction into μτ , and M(H±±
L ) > 130 (138) GeV for a model with equal branching ratios

into ττ , μτ , and μμ.
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Summary. — The observation of WZ associated production at the Tevatron in
a final state with a lepton, missing transverse energy and jets is difficult since the
signal rate is low and competes with a huge background. In an attempt to increase
the acceptance, the sample where three high-energy jets are reconstructed is inves-
tigated. In this sample, which within our event selection cuts includes 1/3 of the
diboson signal events, rather than choosing the two transverse energy (ET ) leading
jets to detect a Z signal, the information carried by all jets is combined.

PACS 14.70.-e – Gauge bosons.
PACS 13.85.Ni – Inclusive production with identified hadrons.
PACS 13.85.Qk – Inclusive production with identified leptons, photons, or other
nonhadronic particles.
PACS 13.87.-a – Jets in large-Q2 scattering.

1. – Introduction

In the Standard Model (SM) of particle physics, the electroweak bosons are the gauge
bosons of the local SU(2)⊗U(1) symmetry. All couplings of the W, Z bosons and photons
are well defined within this symmetry, while the W- and Z-boson masses arise because
of the spontaneous breaking of this symmetry.

The study of diboson (W,Z) production at hadron colliders provides a test of the elec-
troweak sector of the SM, since any deviation from the predicted WWZ, WZZ couplings
(TGC, Trilinear Gauge Couplings) would be indicative of new physics [1].

Diboson measurements are also instrumental for searches for the SM light Higgs boson.
By choosing to focus on the final state where a Z-boson decays into bb-pairs, the topology
of WZ events would be the same as expected for associated production of a W and a light
Higgs boson (MH < 135 GeV). At the Tevatron, the process WH → Wbb̄ has an expected
cross section times branching ratio (σ · BR) about five times lower than WZ → Wbb̄ for
MH � 120 GeV/c2. Therefore, observing that process would be a benchmark for the
even more difficult light Higgs search in the WH → Wbb̄ process.

c© Società Italiana di Fisica 407
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2. – Motivations for the three-jets studies

Observing WZ associated production at the 1.96 TeV center-of-mass energy of the
Fermilab proton-antiproton Tevatron collider is difficult since the event rate is extremely
low. NLO calculations predict WZ production cross section to be about 3.22 pb [2]. Thus,
one expects a handful of events per fb−1 of integrated luminosity in the �νqq̄ final state,
after allowing for trigger and kinematical selection efficiency. This statement remains
valid even if the few accepted ZZ events with leptonic decay of one Z, where one lepton
is not detected, are included.

Furthermore, the signal to background ratio is very poor, due primarily to the large
background contributed by the production of W and associated jets. Since the main
signal feature to be exploited to disentangle signal from background is the invariant
mass of H-decay jets, the correct selection of the jets to be assigned to H decay and an
optimal resolution in jet systems mass is of utmost importance.

In diboson analyses at CDF the standard kinematical cut requires two high-energy
jets (i.e. ET > 20 GeV) in the candidate sample (two-jets region). Since simulations show
that if a third high-energy jet is allowed (three-jets region, as defined by our selection
cuts on jet energy), the signal acceptance is increased by 33%, it would be important to
be able to detect the Z signal also in events with more than two high-energy jets.

However, the issue is confused because in WZ events additional jets may be initi-
ated by gluon(s) radiated from the interacting partons (Initial State Radiation, ISR) or
from the Z-decay products (Final State Radiation, FSR). This work presents a method
to overcome this difficulty and by making optimal use of the information on diboson
production contained in the sample with 3 associated jets.

Extra-activity produced by spectator partons or by pile-up of events was found to be
negligible in our studies.

2.1. Event selection. – The experimental signature involves the presence of a charged
lepton (electron or muon), a neutrino (identified through the missing transverse energy,
/ET ) and large-ET jets.

The offline event selection identifies jets using the JETCLU cone algorithm with radius√
(Δφ2 + Δη2) = 0.4, in the space of azimuthal angle φ and pseudorapidity η, corrected

for detector effects as described in [3].
The sample we investigate is selected by the following cuts:

– exactly three jets(1) with ET (J1, J2, J3) > 25, 15, 15 GeV and |η(J1, J2, J3)| < 2,
2, 3.6;

– an isolated triggered electron or muon with |η| < 1.1 and ET > 20 GeV;

– /ET > 20 GeV;

– Multi-jet QCD veto:

- MW
T > 10 (30) GeV if the triggered lepton is a muon (electron), MW

T being
the W-invariant mass in the transverse plane,

- /ET -significance(2) > 1.8 if the triggered lepton is an electron.

(1) Events with a fourth jet with ET > 10 GeV are rejected.

(2) /ET -significance = (− log10(P (/E
fluct
T > /ET ))), where P is the probability and /E

fluct
T is the

expected missing transverse energy arisen from fluctuations in the energy measurements [4].



FINDING A Z → 2 JETS SIGNAL IN W + 3 JETS EVENTS AT CDF 409

Fig. 1. – Top, M(J1J2) in the three-jets region (dotted) is compared to M(J1J2) in the two-jets
region. Bottom, M(J1J2) in the two-jets region is compared to MJJCOMB (dotted) in the
three-jets region.

Then, two different subsamples corresponding to an integrated luminosity of 6.6 fb−1

are studied separately. One, the tag sample, where two b-jets in the final state are
required, represents the golden channel for the light SM Higgs boson search at Tevatron
(WH → Wbb̄). In this analysis the b-tagger employed is the b-ness [5], which is a
multivariate, neural network (NN) based tagger. It provides an output value serving
as a figure of merit to indicate how b-like a jet appears to be. Jets with increasing b-ness
are more b-like.

The second, the notag sample is the sub-sample of the pretag sample(3) where the
tag obtained by removing the tag sample. This makes the tag and no-tag samples
independent of each other and allows combining the results obtained by analyzing the
two samples.

In order to select the tag sample we require the two leading jets to have bness >
0.75, −0.2 respectively. These cuts have been optimized against the sensitivity of the
measurement. In fig. 1 the invariant mass built using the two ET leading jets M(J1J2)
for WZ MC events in the two jets region is compared with the same distribution built
in the three jets region. In the three jets region, since jets due to initial or final state
radiation confuse the choice of the jet system to be attributed to Z decay, M(J1J2) has

(3) Pretag sample is the one where no constrain on jets flavor are applied.
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Table I. – Predicted and observed number of events in the notag and tag samples. W+jets and
QCD rates are estimated by fitting data. The expected rates are separated for different triggered
lepton type. By construction the expected numbers are equal to the observed ones.

NOTAG Process Rate (Electrons) Rate (Muons)

Signal (WZ/ZZ) 66.2 ± 0.9 69.5 ± 0.9
WW 386.2 ± 3.0 311.1 ± 3.1

tt̄ 333.0 ± 1.4 288.5 ± 1.2
single-top 68.9 ± 0.4 57.8 ± 0.3

Z+jets 350.0 ± 3.2 1167.8 ± 4.5
W+jets 10304.2 ± 29.6 8275 ± 22.8

QCD 1600.4 ± 60.0 352.3 ± 5.4

Total Observed 13109.0 ± 114.5 10522.0 ± 102.6

TAG Process Rate (Electrons) Rate (Muons)

Signal (WZ/ZZ) 3.5 ± 0.2 3.6 ± 0.2
WW 6.2 ± 0.4 4.7 ± 0.3

tt 146.4 ± 0.9 127.9 ± 0.8
single-top 22.5 ± 0.2 18.7 ± 0.2

Z+jets 8.0 ± 0.4 23.6 ± 0.6
W+jets 212.0 ± 3.9 189.9 ± 3.2

QCD 32.5 ± 0.3 5.7 ± 0.0

Total Observed 431.0 ± 20.8 374.0 ± 19.3

a degraded resolution: high mass and low mass tails due to wrong combinations are
present. It is reasonable to expect that choosing the correct jet combination MJJCOMB

(to be defined later) for building the Z mass would improve the resolution. (see fig. 1,
bottom). This work builds on the analysis methods reported in [6].

2.2. Composition of the selected events. – The following processes contribute to a data
sample selected within our cuts:

– Electroweak and top (EW): WW, WZ, ZZ, Z+jets, tt, single top. Each of these
processes can mimick the signal signature, with one detected lepton, large /ET and
jets. The contamination of these processes in the selected data sample is estimated
by using their accurately predicted cross sections [2]. The shapes (templates) of
a number of observables are obtained from ALPGEN+Pythia [7], Pythia MC [8]
after the simulation of the CDF detector.

– W(→ lν)+jets, l = e, μ, τ . Due to the presence of real leptons and neutrinos, the
W + jets background is the hardest to be reduced. Templates are obtained from
ALPGEN+Pythia MC, while the rate normalization is obtained from data [6].

– QCD: multi-jet production with a jet faking the lepton and fake /ET . Since the
mechanism for a jet faking a lepton or for fake missing transverse energy is not
expected to be well modeled in MC events, both rate normalization and templates
are obtained from data.

In table I we show the estimated number of events for each process contributing for the
M(J1J2) distribution in the notag and tag samples.
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3. – Adopted strategy

In order to simulate the WZ → �νjjj process we used the ALPGEN generator inter-
faced to the generator PYTHIA to include jet fragmentation.

Jets are ordered in decreasing ET in the notag sample and in decreasing b-ness in the
tag sample(4).

We started from studying the three jets sample in WZ MC in which jets are matched
in direction to particles produced by the hadronization (“hadrons”) of partons from Z.
The matching algorithm implemented searches for hadrons rather than quarks in the
jet cone and traces back the origin of the hadrons in order to understand if they were
produced by a Z-decay. In this way the rate of matching reaches ∼ 99%(5) and it allow
us to train NNs with a set of events as much as possible similar to the real data.

Since PYTHIA saves all the information related to stable hadrons produced by partons
hadronization for each hadron shower we are able to state if it comes from a primary
beam parton (ISR) or if it originates from Z (FSR). Then, we look for stable hadrons
within the jet cone and for each of the 3 jets in the event, we ask that the total hadron
energy originating from a single parton is > 50% than the jet energy. With this method
we are able to label the 99% of jets as ISR or FSR.

Once the origin of each jet is well understood we know event-by-event which jet
combination should be used to reconstruct the Z mass (named the right jet combination,
RJC). In terms of the frequency of RJC the notag (tag) sample is composed as follows:

1. J3 is from ISR, J1 and J2 from FSR �→ RJC = J1J2: 33.5% (53.4%) of events

2. J2 is from ISR, J1 and J3 from FSR �→ RJC = J1J3: 21.4% (9.5%) of events

3. J1 is from ISR, J2 and J3 from FSR �→ RJC = J2J3: 10.8% (4.9%) of events

4. J1, J2, J3 are from FSR �→ RJC = J1J2J3: 33.3% (31.2%) of events

Notice that in tag sample J1J2 is the RJC in the 53.4% of cases, since jets are ordered in
b-ness and we require the two b-ness leading jets to satisfy some criterion. The greater
contribution of M(J1J2) in the whole sample is the reason why in the tag sample the
resolution is already good for the distribution built with the two jets with highest b-ness.
Still, even in this sample a better combination than J1J2 can be searched for in ∼ 47%
of events.

3.1. Neural Networks. – Four different Neural Networks (NNs) have been trained,
using MLP method [9], in MC signal events to isolate each of the above cases: NN(J1J2),
NN(J1J3), NN(J2J3) and NN(J1J2J3). These NNs combine kinematical information and
some tools developed by CDF Collaboration for discriminating gluon-like and b-like jets
from light-flavored jets [5, 10]. Inputs to NNs are:

1. Kinematical variables:

- dηjijk
= |ηji

− ηjk
|

- dRjijk

(4) J1, J2 would be the two with highest b-ness value, J3 the one with highest ET among the
others.
(5) The rate of matching jets to quarks is about 60%.
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Fig. 2. – Some distributions of the variables used as input to NNs, built for the RJC sample and
for the complementary one (shaded).

Table II. – Parameters of the fits to the distributions of M(J1J2) and MJJCOMB in the tag
and notag samples. A is the acceptance; p is the purity which is defined as the fraction of events
where the corrected jets are selected; σ and μ are width and average of Gaussian fits to the
distributions in the mass window [70, 110] GeV/c2.

Notag: M(J1J2) MJJCOMB Tag: M(J1J2) MJJCOMB

A 100% 90% 100% 92%
p 35% 65% 53% 72%

σ/μ 0.25 0.13 0.22 0.14

- dRji�, dRjkjl,jp
, dRj1j2j3,jk

(6)

2. Variables related to the jet systems:

- mjijk
/mj1j2j3

- γjijk
= (Eji

+ Ejk
)/mjijk

- γjjj = (Ej1 + Ej2 + Ej3)/mj1j2j3

- “pt-imbalance” = PT j1 + PT j2 − PT � − /ET

- η(ji + jk)/η(jp), pT (ji + jk)/pT (jp)

3. b/light quark discriminant, quark/gluon discriminant.

Based on the response of the four NNs, we determine the most likely jet combination for
building the Z mass for each event. The method allows to use a different combination
from J1J2 in about 65% (45%) of cases in the notag (tag) sample.

In fig. 2 some inputs are shown.
Combining by a set of subsequent optimal cuts(7) the information provided by the

outputs of the four NNs, we build a MJJCOMB Z-mass [6]. Using MJJCOMB rather
than M(J1J2), the resolution improves by a factor ∼ 2, see fig. 1 and table II.

(6) i, k, p = 1, 2, 3 are the indices of the jets. � = highest ET lepton.
(7) Cuts have been optimized against the sensitivity of the measurement.
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Table III. – Sensitivity of the fits considering only the three jets region.

Fit Method P2σ P3σ

Fit signal WZ/ZZ/WW (pretag)
M(J1J2) 51.2% 6.4%

MJJCOMB 66.7% 25.9%

p-value

Fit signal WZ/ZZ (notag+tag)
M(J1J2) 0.44σ

MJJCOMB 0.54σ

Fig. 3. – Simulation of signal+background for the notag sample. Left, M(J1J2). Right,
MJJCOMB . The horizontal scale is in GeV/c2. The signal is multiplied by 80.

We apply the method also to the main sources of background of a typical diboson
analysis at CDF (W+jets, Z+ jets, tt̄ and single top) and compare the result to WZ
events. In figs. 3 and 4 and in table II one observes that MJJCOMB allows a better
separation of the WZ/ZZ signal from background in both notag and tag samples.

Fig. 4. – Simulation of signal+background for the tag sample. Left, M(J1J2). Right, MJJCOMB

built with the criterion described in the text. The horizontal scale is in GeV/c2 and the signal
is multiplied by 40.
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4. – Tests of the method

To qualify the potential of the method we have studied an experimental data sample
accepting events with an isolated large ET (pT ) lepton, large missing ET and three large
transverse-momentum jets. The selection cuts accept jets of all flavors (pretag sample),
and all diboson events including WW besides WZ, ZZ may pass the cuts. We estimate
the probability at three standard deviations level to extract an inclusive diboson signal.
After our procedure for building the Z mass is applied, P3σ is about 4 times greater
than when building the Z mass “by default” with the two ET leading jets, as reported
in table III.

This attempt represents just a check of our technique. A diboson signal has been
observed at CDF using W events with exclusive two jets [11], we performed a test to
gauge the probability of revealing a diboson signal also in the pretag three jets sample(8).

In order to discriminate WZ against the WW contribution we apply our technique
considering only WZ/ZZ as the signal. We decide to treat separately the notag and tag
three jets regions and then combine the results in order to reach a greater sensitivity.
The sensitivity increases when MJJCOMB rather than the standard M(J1J2) is used:
the expected p-value is about 20% greater in the former case (see table III).

In conclusion, our technique allows including the three jets sample in the WZ/ZZ
search in order to increase acceptance and sensitivity in the search for the hadronically
decaying Z boson.
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Summary. — With the ASI-INFN project “ETRUSCO-2 (Extra Terrestrial Rang-
ing to Unified Satellite COnstellations-2)” we have the opportunity to continue and
enhance the work already done with the former ETRUSCO INFN experiment. With
ETRUSCO (2005-2010) the SCF LAB (Satellite/lunar laser ranging Characteriza-
tion Facility LABoratory) team developed a new industry-standard test for laser
retroreflectors characterization (the SCF-Test). This test is an integrated and con-
current thermal and optical measurement in accurately laboratory-simulated space
environment. In the same period we had the opportunity to test several flight models
of retroreflectors from NASA, ESA and ASI. Doing this we examined the detailed
thermal behavior and the optical performance of LAGEOS (Laser GEOdynamics
Satellites) cube corner retroreflectors and many others being used on the Global
Navigation Satellite System (GNSS) constellations currently in orbit, mainly GPS,
GLONASS and GIOVE-A/GIOVE-B (Galileo In Orbit Validation Element) satel-
lites, which deploy old-generation aluminium back-coated reflectors; we also SCF-
Tested for ESA prototype new-generation uncoated reflectors for the Galileo IOV
(In-Orbit Validation) satellites, which is the most important result presented here.
ETRUSCO-2 inherits all this work and a new lab with doubled instrumentation
(cryostat, sun simulator, optical bench) inside a new, dedicated 85m2 class 10000
(or better) clean room. This new project aims at a new revision of the SCF-Test
expressly conceived to dynamically simulate the actual GNSS typical orbital environ-
ment, a new, reliable Key Performance Indicator for the future GNSS retroreflectors
payload. Following up on this and using LAGEOS as a reference standard target in
terms of optical performances, the SCF LAB research team led by S. Dell’Agnello
is designing, building and testing a new generation of GNSS retroreflectors array
(GRA) for the new European GNSS constellation Galileo.

PACS 42.30.-d – Imaging and optical processing.
PACS 95.10.Eg – Orbit determination and improvement.
PACS 95.30.sf – Relativity and gravitation.
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1. – Introduction

An improvement of positioning accuracy, stability and precision with respect to the
ITRF [1](1) of modern GNSS constellations is highly recommended by ILRS(2) in order
to strengthen determination and stability of the ITRF [2]. Space and ground colocation
of SLR and MW(3) techniques would make possible to align a GNSS reference frame
to the ITRF, whose origin and scale are mostly determined with the SLR technique.
In order to achieve these results, Laser Retroreflector Arrays (LRAs) deployed on these
satellites, should guarantee an adequate level of effective cross section coming back at
the stations, as defined by ILRS [2, 3]. Hence LRAs performance must be improved.
The INFN, with experiment ETRUSCO, started to build, in 2005 a facility (SCF) and
developed a standard test (SCF-Test) in order to characterize and validate the optical
performance of GNSS LRAs, with particular attention on Galileo [1]. During the years we
tested prototypes and flight models of first generation retroreflectors (coated) and LRAs
for GNSS [1]. Those types of retroreflectors, both from actual SLR measurements and
our SCF-Tests, proved to have problems that cause a low return rate to SLR stations and
signal strength drop in certain parts of the orbit. New generation GNSS constellations are
moving to uncoated retroreflectors, which with a proper mounting design can minimize
thermal degradation of optical performance. Uncoated reflectors are deployed on one of
the standard SLR target: the LAGEOS satellite. So in order to show a calibration of
our SCF-Test, we tested in 2009 an engineering model of the LAGEOS satellite, lent by
NASA-GSFC(4). In sect. 2 we report the results of these tests. Moreover with Galileo’s
atomic clocks and LRAs the measurement of the gravitational redshift will be improved
and LAGEOS is being used to measure the G · ML (gravitational constant times Earth
mass), to test the inverse-square force law [4], to investigate the Lense-Thirring effect [5]
and to costrain spacetime torsion [6, 7].

2. – SCF-Test of the LAGEOS engineering model

The LAGEOS engineering model, LAGEOS Sector, is an aluminum spherical sector of
the whole satellite which includes 37 CCRs (Cube Corner Retroreflectors) [8] in total, one
on the pole and 36 on three successive rings (as in fig. 1a). The test we performed on this
prototype pointed out the excellent mounting design of the CCR inside the cylindrical
cavities of the aluminium body. This mounting allows a good thermal insulation of the
CCR fused silica body from the bulk aluminium body of the satellite. A good insulation
leads to minimal degradation of laser return intensity when the body is exposed to sun
heat and, consequently the CCR are subject to strong thermal gradients that can change
the refractive index along the light path inside the CCR volume. The intensity of the
light return in the transition from sunlight exposition to shadow showed a decrease of
less than 20% compared to the unperturbed CCR (fig. 1b). The light return stability is
particularly remarkable when compared to that offered by the main competing technology
for CCR uncoated arrays, the coated ones. This kind of CCR are currently installed on
several orbiting bodies (GPS/GLONASS/GIOVE-A/B) and we had the opportunity to
test some of them. Coated CCR showed a light return degradation of about 87%. This

(1) International Terrestrial Reference Frame.
(2) International Laser Ranging Service.
(3) Satellite Laser ranging and MicroWave.
(4) NASA-Goddard Space Flight Center.
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Fig. 1. – LAGEOS sector inside the SCF cryostat (a) and the SCF-Test plot of LAGEOS sector
uncoated CCR compared to coated CCR (b).

data has been included in the plot of fig. 1b in order to have an immediate comparison
between the different levels of performance.

Concerning the LAGEOS sector SCF-Test, as described in [1], it consists of a first
phase in which prototypes, reached a stationary state, are heated under the sun simulator
(SS) beam and then cooled down. From the thermal analysis point of view, the output
is the thermal relaxation time, τCCR, of the CCR, based on IR measurements of the
variation of the CCRs front face temperature. τCCR is taken from the following formula:

T1 = T0 ± ΔT (1 − exp(t/τ)).

We decided to SCF-Test all the retroreflectors of the prototype. Numbering them
from the polar one to the outers we plotted the τCCR of each CCR for three different
temperature setpoints of the bulk aluminium body. This plot is reported in fig. 2, showing
the average relaxation times, between heating and cooling phases, of the first nineteen
thermally analyzed CCRs. The first important outcome of the measurements is that
τCCR decreases as the temperature of the aluminum increases. The ratio between the
average values of all the relaxation times, at each temperature, is close to the following:

τT1

τT2

�
(

T2

T1

)3

.

For the left part of the plot (polar CCR and first ring) the time constant of the
retroreflectors shows a typical behavior that is consistent with computer simulations
and, thus, with the formula mentioned above. In the right part of the plot (from CCR 8
to 19) the behaviour is not so clear since the outer retroreflectors (second and third ring)
have an inclination that exceeds the capacity of the CCR to avoid the sun radiation
to enter the cavity. This phenomenon, conventionally called breakthrough, leads to a
behaviour that is unpredictable for mathematical models and computer simulations.
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Fig. 2. – Average τCCR at different temperatures setpoints for the LAGEOS Sector aluminium
bulk body.

3. – First GCO SCF-Test of a prototype uncoated CCR for Galileo-IOV satel-
lites provided by ESA

Galileo is the European GNSS constellation named after Galileo Galilei, the famous
Italian astronomer. The main goal of Galileo is to provide a non-military navigation
system to rely on even during political disagreements with other countries that already
owns a GNSS system. The entire system is being built by the European Union (EU)
and European Space Agency (ESA) and will ensure better coverage at high latitudes
and with high buildings with interoperability with GPS and GLONASS. The first two
satellites were launched in October 2011 and the estimated end of phase 2 (30 satellites
and ground segment operational) is 2020.

Galileo represents a great opportunity for the scientific community too, since each
satellite of the constellation will be equipped with a retroreflector array, allowing the
SLR network to remarkably increase the amount of measurements and, thus, the or-
bit determination precision. This is the starting point to improve several fundamental
physics measurements such as gravitational redshift or the determination of the terres-
trial reference system. This opportunity has been underlined by an issue published on
Advances in Space Research [9].

In summer 2010 we had the opportunity to test an uncoated CCR prototype designed
for Galileo-IOV satellites and provided by ESA (fig. 3a). We decided to study a new
test procedure in order to simulate the most stressing conditions for an optical payload
onboard a typical GNSS satellite. This happens when the nodal line is parallel to the
sun-earth direction as shown in fig. 3b. We call this particular orbit and the related test
the “GNSS Critical half-Orbit” (GCO). This is only a half of the complete orbit since
in the symmetrical part the incidence angle of the sun rays on the retroreflectors front
face is more than 90◦. Shifting from sunlight to shadow and back, critical aspects of the
thermal and optical behavior of the CCR occurs, including breakthrough: depending on
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Fig. 3. – The Galileo-IOV uncoated retroreflector (a), a GNSS Critical half-Orbit conceptual
drawing (b) and a scheme of the GCO test sequence (c).

the orientation of the CCR with respect to the SS beam, there are cases in which total
internal reflection is broken and rays pass through the CCR heating the internal surfaces
of the housing (breakthrough (BT)). For uncoated CCRs this occurs when a light ray is
tilted with respect to the symmetry axis above 17◦.

The retroreflector tested at the SCF, inside its housing, was installed inside an Al
enclosure built at LNF, to replicate the condition of a CCR inside the array surrounded
by other CCR housings (fig. 4a). The Al housing was suspended with a G10 screw
to the payload support/positioning system rotating around the vertical direction. We
positioned a circular aluminum plate behind the CCR housing in order to simulate the
presence of the satellite body. This aluminum plate was thermally controlled, but just
to bring the CCR to the right starting temperature, indicated by ESA; afterwards the
object was left floating, as it is in orbit. When the CCR temperature reached 244 K, we

Fig. 4. – Galileo-IOV CCR mounted inside the SCF for the GCO (a) and the temperatures of
the IOV CCR assembly during the GCO (b).
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Fig. 5. – Average relative FFDP intensity at 24 μrad.

started simulating the GCO. One of the physical edges of the retroreflector was positioned
horizontally. Along the GCO the inclination of the sun rays with respect to the CCR
front face changes from −90◦ to +90◦. These conditions are reproduced in laboratory by
rotating the LRA inside the cryostat, at discrete angle steps, for the proper GCO period.
Galileo satellites have a quasi-circular orbit with a semi-major axis of about 29600 Km,
which corresponds to an orbital period of about 14 hs.

We simulated half of the orbit, from the moment in which sun rays rise above CCRs
front face till they fall on the other side, corresponding to a period of about 7 hrs.
A conceptual drawing of this simulated orbit is in fig. 3c. In the SCF the GCO is
the horizontal plane, so starting with the SS beam parallel to the CCRs front face we
rotated the CCR, at regular angle steps, with respect to the SS, therefore simulating the
sunrise phase, the passage through the Earth shadow and afterwards the sunset. The
CCR was oriented with an edge horizontal in a direction such that optical BT could
occur only during the sunset. The temperatures trend during the GCO is shown in
fig. 4b. Bottom/Top CCR housing are temperatures taken with temperature probes
on two points of the CCR housing. Bottom/Top Al housing are taken on two points
of the auxiliary Al cavity. Back plate is the temperature of the plate. CCR face is
the temperature of the CCR front face measured with the IR camera. Note the large
temperature excursion of more than 100 K and the asymmetrical behavior due to the BT
phenomena. After the completion of the orbital simulation the data acquired in the lab
were post-processed with a MATLAB� script in order to obtain several analysis on the
light return behavior. The main output of this analysis is fig. 5, a summary plot of the
intensity, in optical cross section (OCS) units, over time at the velocity aberration (VA)
of 24μrad (design VA for Galileo-IOV CCRs, according to info from ESA). In this plot
is shown the fluctuation of the OCS during the GCO. Plotted data have an estimated
error of 10% on the average relative intensity, due to instrument, statistics, and residual
systematic fluctuations of the SCF environment.
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Fig. 6. – Galileo-IOV measured FFDP during the GCO. Grid dimensions are [−60; 60] μrad.
Intensity grey-scale levels are scaled to 100.

Figure 6 shows some of the key FFDPs(5) of the GCO simulated orbit. The basic
SCF-Test showed a degradation of about 25% on optical performance, compared to the
much larger one (about 87%) of old GPS/GLONASS/GIOVE ones. Averaging over the
entire GCO, which is a half orbit, the measured IOV CCR average intensity at 24μrad
VA had a degradation of about 35%. The prototype IOV CCR shows the expected
FFDP degradation due to optical BT during sunset, but also for almost symmetric sun
inclinations during sunrise, when there is no optical BT. We call this effect “thermal
breakthrough”. Thermal BT could be due to an IOV CCR mounting scheme with rela-
tively large thermal conductance, as the standard SCF-Test described earlier seemed to
point out.

4. – Conclusions

For the ETRUSCO-2 project the original SCF-Test has been improved and fine-tuned
on the specific GNSS space environment and, furthermore, the SCF LAB team had the
chance to apply this new procedure to a first prototype of the Galileo-IOV CCRs.

This opportunity confirmed our former SCF-Test conclusions on the uncoated CCR
good thermo-optical behaviour compared to the coated technology. The metallic coating
on the back faces of the retroreflectors has been removed, finally, on modern GNSS, after
30 years, thanks to our SCF-Test results. Now it is very important to SCF-Test more
IOV retroreflectors and, especially, reflectors of FOC (Full Orbit Capability) satellites,
which are different from IOV (different makers).

In the next months in our test facility, during the next SCF-Tests, we will be able
to perform concurrent wavefront interferograms of the retroreflectors inside the cryostat

(5) Far Field Diffraction Patterns.
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and, as the ultimate goal, we will develop and SCF-Test a new Galileo-optimized GRA
for FOC-2, with a pan-European effort, to reduce the dependence of Europes flagship
programme from non-European laser retroreflector technologies. Moreover, discussions
are underway for GPS-3 and other GNSS constellations like IRNSS(6), COMPASS(7) &
QZSS(8).
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Summary. — Ground-based gamma-ray astronomy has had a major break-
through with the impressive results obtained using systems of imaging atmospheric
Cherenkov telescopes. Ground-based gamma-ray astronomy has a huge potential in
astrophysics, particle physics and cosmology. CTA is an international initiative to
build the next generation instrument, with a factor of 5–10 improvement in sensitiv-
ity in the 100 GeV to 10 TeV range and the extension to energies well below 100 GeV
and above 100 TeV. CTA will consist of two arrays (one in the Northern hemisphere
and one in the Southern hemisphere) for full sky coverage and will be operated as an
open observatory. This paper briefly reports on the status and presents the major
design concepts of CTA.

PACS 95.55.Ka – X- and gamma-ray telescopes and instrumentation.
PACS 95.85.Pw – Gamma-ray.

1. – Introduction

In the field of very-high-energy gamma-ray astronomy (VHE, energies > 100 GeV(1)),
the instruments H.E.S.S. [1], MAGIC [2] and VERITAS [3] have been driving the devel-
opment in recent years. The spectacular astrophysics results from the current Cherenkov
instruments have generated considerable interest in both the astrophysics and particle
physics communities and have created the desire for a next-generation, more sensitive and
more flexible facility, able to serve a larger community of users. The proposed CTA [4]
is a large array of Cherenkov telescopes of different sizes, based on proven technology
and deployed on an unprecedented scale (fig. 1). It will allow significant extension of
our current knowledge in high-energy astrophysics. CTA is a new facility, with capabili-
ties well beyond those of conceivable upgrades of existing instruments such as H.E.S.S.,
MAGIC or VERITAS. The CTA project unites the main research groups in this field in a
common strategy, resulting in an unprecedented convergence of efforts, human resources,
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Fig. 1. – Conceptual layout of a possible Cherenkov Telescope Array (not to scale).

and know-how. Interest in and support for the project is coming from scientists around
the world, all of whom wish to use such a facility for their research and are willing to
contribute to its design and construction. CTA will offer worldwide unique opportunities
to users with varied scientific interests. In particular, the number of young scientists
working in the still evolving field of gamma-ray astronomy is growing at a steady rate,
drawing from other fields such as nuclear and particle physics. In addition, there is in-
creased interest by other parts of the astrophysical community, ranging from radio to
X-ray and satellite-based gamma-ray astronomers. CTA will, for the first time in this
field, provide open access via targeted observation proposals and generate large amounts
of public data, accessible using Virtual Observatory tools. CTA aims to become a corner-
stone in a networked multi-wavelength, multi-messenger exploration of the high-energy
non-thermal universe. Details on the science cases and on technical implementations of
CTA can be found in [5]. This article gives a brief overview and updates on the status
of the project.

2. – Status of the field

Radiation at gamma-ray energies differs fundamentally from that detected at lower
energies and hence longer wavelengths: GeV to TeV gamma rays cannot conceivably
be generated by thermal emission from hot celestial objects. The energy of thermal
radiation reflects the temperature of the emitting body, and apart from the Big Bang
there is and has been nothing hot enough to emit such gamma rays in the known Universe.
Instead, we find that high-energy gamma rays probe a non-thermal Universe, where other
mechanisms allow the concentration of large amounts of energy onto a single quantum of
radiation. In a bottom-up fashion, gamma rays can be generated when highly relativistic
particles – accelerated for example in the shock waves of stellar explosions – collide with
ambient gas, or interact with photons and magnetic fields. The flux and energy spectrum
of the gamma rays reflects the flux and spectrum of the high-energy particles. They can
therefore be used to trace these cosmic rays and electrons in distant regions of our own
galaxy or even in other galaxies. High-energy gamma rays can also be produced in a
top-down fashion by decays of heavy particles such as hypothetical dark matter particles
or cosmic strings, both of which might be relics of the Big Bang. Gamma rays therefore
provide a window on the discovery of the nature and constituents of dark matter.
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Fig. 2. – The Milky Way viewed in VHE gamma rays, in four bands of galactic longitude [8].

In the recent years, more than 150 galactic and extragalactic sources have been de-
tected in VHE gamma rays. The H.E.S.S. galactic plane survey (see fig. 2) provided the
first deep survey in VHE gamma rays of the Milky Way. Many pulsar wind nebulae have
been found making them the most common objects to emit gamma rays in our galaxy.
Deep observations of selected objects enabled detailed images of extended sources like
the supernova remnant RX J1713.7-3946 or W51C. Several X-ray ray binaries have been
identified to emit gamma rays. Another highlight of the galactic observations was a
discovery of the Crab pulsar to emit gamma rays with energies up to at least 400 GeV.
The sources of VHE gamma rays in the extragalactic sky are mostly blazars: the active
galactic nuclei harboring super-massive black holes in their centers. In blazars, the ultra-
relativistic jets point towards us boosting the VHE emission, which eases their detection.
The furthest blazar to emit VHE gamma rays is 3C 279 at z = 0.536. Several radio
galaxies have been observed to emit gamma rays: M 87, Cen A and NGC 1275. Very
deep observations (more than 150 hrs per source) were done to also detect the starburst
galaxies M 82 and NGC 253. These detections are important because these sources do
not have strong jets. With the data available, not only source physics is being stud-
ied. The observed gamma rays also allow for studying fundamental physics such as the
Lorentz Invariance Violation, search for dark matter as well as probing star and galaxy
formation and cosmological models. The discovered source classes, their morphologies,
observed time variability and spectral energy distributions cannot be more than the tip
of the iceberg of a richer panorama that is yet to be discovered. For recent review of the
status of the gamma-ray astronomy see, e.g., [6, 7].
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2.1. Detection technique. – The recent breakthroughs in VHE gamma-ray astronomy
were achieved with ground-based Cherenkov telescopes. When a VHE gamma ray enters
the atmosphere, it interacts with atmospheric nuclei and generates a shower of secondary
electrons, positrons and photons. Moving through the atmosphere at speeds higher than
the speed of light in air, these electrons and positrons emit a beam of bluish light, the
Cherenkov light. For near vertical showers this Cherenkov light illuminates a circle with
a diameter of about 250 m on the ground. For large zenith angles the area can increase
considerably. This light can be captured with optical elements and be used to image
the shower, which vaguely resembles a shooting star. Reconstructing the shower axis in
space and tracing it back onto the sky allows the celestial origin of the gamma ray to be
determined. Measuring many gamma rays enables an image of the gamma-ray sky, such
as that shown in fig. 2, to be created. Large optical reflectors with areas in the 100 m2

range and beyond are required to collect enough light, and the instruments can only be
operated in dark nights at clear sites. With Cherenkov telescopes, the effective area of
the detector is about the size of the Cherenkov pool at ground. As this is a circle with
250 m diameter this is about 105× larger than the size that can be achieved with satellite-
based detectors. Therefore much lower fluxes at higher energies can be investigated with
Cherenkov Telescopes, enabling the study of short time scale variability.

2.2. Existing facilities. – The Imaging Atmospheric Cherenkov Technique was pio-
neered by the Whipple Collaboration in the United States. After more than 20 years
of development, the Crab Nebula, the first source of VHE gamma rays, was discovered
in 1989. The Crab Nebula is among the strongest sources of very high energy gamma
rays, and is often used as a “standard candle”. Modern instruments, using multiple
telescopes to track the cascades from different perspectives and employing fine-grained
photon detectors for improved imaging, can detect sources down to 1% of the flux of the
Crab Nebula, see, e.g., [6].

At the moment, three big installation are in operation: The H.E.S.S. Collaboration
operates four 12 m diameter Cherenkov telescopes in Namibia, near the Gamsberg moun-
tain since 2003. The MAGIC Collaboration operates two 17 m diameter Cherenkov tele-
scopes on La Palma, Canary Islands. The mono observations started in 2004 while the
second telescope and the stereo observations came into operation in October 2009. The
VERITAS Collaboration operates four 12 m diameter Cherenkov telescopes in southern
Arizona, USA since 2007. Both, MAGIC and VERITAS telescopes operate in the North-
ern hemisphere, whereas the H.E.S.S. array is in the Southern hemisphere. Given the
relatively small field of view of the instruments (3.5 to 5◦), the instruments are mainly
complementary to each other while, at the same time, it is possible to cross-calibrate
them by observing steady gamma-ray sources visible from both hemispheres [9].

3. – Physics drivers

The aims of the CTA (as well as of the current generation instruments) can be roughly
grouped into three main themes, serving as key science drivers:

Understanding the origin of cosmic rays and their role in the Universe: This comprises
the study of the physics of galactic particle accelerators, such as pulsars and pulsar wind
nebulae, supernova remnants, and gamma-ray binaries. It deals with the impact of the
accelerated particles on their environment (via the emission from particle interactions
with the interstellar medium and radiation fields), and the cumulative effects seen at
various scales, from massive star forming regions to starburst galaxies.
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Understanding the nature and variety of particle acceleration around black holes: This
concerns particle acceleration near super-massive and stellar-sized black holes. Objects
of interest include microquasars at the galactic scale, and blazars, radio galaxies and
other classes of AGN that can potentially be studied in high-energy gamma rays. The
fact that CTA will be able to detect a large number of these objects enables population
studies which will be a major step forward in this area. Extragalactic background light
(EBL), galaxy clusters and gamma-ray burst (GRB) studies are also connected to this
topic.

Searching for the ultimate nature of matter and physics beyond the Standard Model :
This covers what can be called “new physics”, with searches for dark matter through
possible annihilation signatures, tests of Lorentz invariance, and any other observational
signatures that challenge our current understanding of fundamental physics.

CTA will be able to generate significant advances in all these areas.

4. – Realizing CTA

4.1. General concept . – The key elements of the CTA array are:

– Two observatories, one in the Southern hemisphere and one in the Northern hemi-
sphere to cover the whole sky.

– Much (a factor of 5–10) improved sensitivity compared to the current instruments.
The goal is to achieve a mCrab integral sensitivity (i.e. to detect a clear signal
from a source with a flux of 0.1% of the Crab Nebula flux in 50 h of observations)
or better.

– Wide energy range. The Cherenkov technique allows one to detect gamma rays with
energies from tens of GeV (using few large telescopes to collect as much light from
a single shower as possible) up to hundreds of TeV (using many small telescopes
to cover as much area as possible).

– Superb angular resolution. To study morphology of galactic sources an improved
angular resolution down to arcmin scale is required and can be achieved by using
fine pixelized cameras.

– Temporal resolution. With its large detection area, CTA will resolve flaring and
time-variable emission on sub-minute time scales, which are currently not accessi-
ble.

– Survey capability. One of the main goals of CTA will be to produce a detailed GeV-
TeV map of our galaxy. This is achievable by constructing a flexible in configuration
array of telescopes with 6–8◦ field-of-view cameras.

4.2. Monte Carlo simulations and layout studies. – A particular size of Cherenkov
telescope is only optimal for covering about 1.5 to 2 decades in energy. Three sizes of
telescope are therefore needed to cover the large energy range CTA proposes to study
(from a few tens of GeV to above 100 TeV). The current baseline design consists of three
telescope types: SST: Small size telescopes of 5–8 m diameter, both single-mirror and
dual-mirror designs are considered; MST: Medium size telescopes of 10–12 m diameter,
both single-mirror and dual-mirror designs are considered; and LST: Large size single-
mirror telescopes of 23 m diameter.
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Fig. 3. – Three example candidate arrays (B, C and E) are among the studied configurations
that would have an approximately similar construction cost.

Several different telescope configurations have been investigated in simulation studies
for CTA so far. The first simulations were used to cross-check the different simulation
packages and to begin the investigation of the dependence of performance on telescope
and array parameters. The evaluation of the performance of these candidate arrays
is a first step towards the optimisation of the CTA design. Figure 3 shows some of
the telescope layouts used. All systems assume conventional technology for mirrors,
PMTs and read-out electronics. Standard analysis techniques are used in general, with
the results from more sophisticated methods shown for comparison in specific cases.
Preliminary results as illustrated for the integral sensitivity and angular resolution in
fig. 4 show that the ambitious goals of CTA are within the reach.

4.3. CTA telescope technology . – The CTA telescope technology is mainly based on
known concepts and makes a heavy use of the experience in the field of Cherenkov
telescopes. Several designs of different telescope types (SST, MST and LST, see above)
are being developed with an optimal cost/performance ratio.
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line—E*). Right: Integral sensitivity (multiplied by E) for the candidate configurations B, C
and E, for point sources observed for 50 hours at a zenith angle of 20◦. The goal curve for CTA
(dashed line) is shown for comparison.
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Fig. 5. – Top left: concept of a 23 m diameter LST with parabolic dish and f/d = 1.2. Top
right: concept of a 12m diameter MST with a Davies-Cotton dish and f/d = 1.4. Bottom left:
concept of a 6m diameter SST with a Davies-Cotton dish and f/d = 1.4. Bottom right: concept
of a dual mirror Schwarzschild-Couder MST telescope.

Concepts of different telescope structures are illustrated in fig. 5. Schwarzschild-
Couder telescopes with their dual optic are more difficult to construct because of the
precision of the optical surface needed but if realized they would offer a possibility for
a smaller (more compact and less expensive) cameras combined with a large field of
view. The other designs assume a single reflector telescopes allowing for adequate fields
of view for the costs of larger cameras. Imaging is improved by choosing relatively large
f/d values, in the range of 1.2 to 1.5. A second variable is the dish shape: a Davies-
Cotton layout provides good imaging over wide fields, but introduce a time dispersion.
For small dish diameters this dispersion is smaller than the intrinsic width of the photon
distribution, and therefore insignificant. For large dish diameters, the difference in photon
path length from different parts of the reflector becomes larger than the intrinsic spread
of photon arrival times, broadening the light pulse.

As the photosensor photomultiplier tubes (PMTs) are planned to be used. PMTs are
very linear devices with a large (4 orders of magnitude) dynamic range and they allow
the detection of single Cherenkov photons. Moreover PMTs are fast (photoelectrons
signal widths below 3 ns duration), which is important to suppress background in the
images. The camera of a CTA telescope will consist of 500 to 2000 PMTs depending on
the telescope type and has strict limits on the weight and needed cooling power. To read
out the signals from the cameras several concepts exist. The readout system must ensure
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a large bandwidth and low noise in order not to degrade the signal quality. It must also
have small dead time and a sufficient buffer to allow for a trigger decision. The leading
concepts use analogue sampling memory based recording systems. An alternative design
using a 250 MSample/s system is based on a commercial low-cost FADC.

Hardware prototyping is under way for most of the parts to confirm simulated or
expected results. The prototyping is also needed to confirm the costs estimates for the
array construction and maintenance.

4.4. CTA as an open observatory . – Unlike current ground-based gamma-ray instru-
ments, CTA will be an open observatory, with a Science Data Centre (SDC) which
provides pre-processed data to the user, as well as the tools necessary for the most com-
mon analyses. The software tools will provide an easy-to-use and well-defined access to
data from this unique observatory. CTA data will be accessible through the Virtual Ob-
servatory, with varying interfaces matched to different levels of expertise. The required
toolkit is being developed by partners with experience in SDC management from, for
example, the INTEGRAL space mission.

5. – Conclusions

The CTA observatory is the logical next step in the exploration of the high-energy
Universe, and will promote VHE observations as a public tool for modern astronomy.
CTA will explore the VHE domain from several tens of GeV up to more than 100 TeV
with unprecedented sensitivity and angular resolution, enabling a comprehensive under-
standing of cosmic particle acceleration physics at various scales, distances and time
scales. Major advances are expected in understanding the origin of galactic cosmic rays,
their propagation within galaxies, and their impact on their environment. Particle ac-
celeration in the vicinity of black holes will be explored in a large variety of sources,
and interactions and feedback effects of the particles on their surroundings will be ex-
plored. CTA will also probe physics beyond the established horizon, holding promise for
a better understanding of the ultimate laws that govern the Universe. The CTA project
started a preparatory phase in 2011, and array deployment could begin as early as 2016,
with a full observatory operational before the end of this decade. Early science may be
optimistically expected from 2017–2018 on.
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De Rújula Alvaro CERN Geneva Switzerland
Degrassi Giuseppe Università di Roma Tre Roma Italy
Desai Satish Fermilab Batavia USA
Deschamps Olivier LPC Clermont-Ferrand France
Di Canto Angelo INFN-Pisa Pisa Italy
Dokuchaev Vyacheslav RAS Moscow Russia
Dorosti Hasankiadeh Qader Groningen University Groningen The Netherlands
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