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PREFACE 
 

The first Young Researcher Workshop "Physics Challenges in the LHC Era" 
was held in the Frascati Laboratories during May 11th and 14th 2009, in conjunction 
with the  XIV Frascati Spring School "Bruno Touschek". 

The main goal of the Workshop was to provide an opportunity for the 
students attending the Spring School to play an active role in complementing the 
scientific program by giving short lectures to their colleagues on their specific 
research topics. In this way the students learn how to organize a presentation on a 
specialistic subject, so that it will be understandable by an audience of young 
physicists in the training stage, and how to condense the results of months of 
research work within a fifteen minutes talk.   Helping to develop these skills is an 
integral part of the scientific  formation the Spring School is aiming to. 

The Workshop was very successful, both in its scientific and formative 
aspects. Despite that for many of the sixteen young speakers this was the first public 
presentation of their researches, all the talks reflected a remarkably high 
professional level, and could have well fitted within the scientific program of many 
international conferences. 

These proceedings, that collect the joint efforts of the speakers of the Young 
Researchers Workshop, aim to set a benchmark for the scientific level required to 
participate in future editions of the Workshop. It will also provide  useful guidelines 
for structuring the presentations of our next set of young  lecturers. 

Too many people contributed to the success of the Young Researcher 
Workshop "Physics Challenges in the LHC Era" and of the joint XIV Frascati 
Spring School "Bruno Touschek" to give here a complete list.  However, a special 
acknowledgment must be given to the Workshop secretariat staff and backbones 
of the Frascati Spring School Maddalena Legramante and Angela Mantella, to 
Claudio Federici, that put a special effort in realizing the graphics of the Workshop 
and School posters, to Luigina Invidia for the technical editing of these proceedings, 
and to the Director of the Frascati Laboratories Mario Calvetti for constant 
encouragement and support. 
 
Frascati, July 2009 Enrico Nardi 
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QCD AMPLITUDES WITH THE GLUON EXCHANGE AT
HIGH ENERGIES

(AND GLUON REGGEIZATION PROOF)

A.V. Reznichenko
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia

M.G. Kozlov
Novosibirsk State University, 630090 Novosibirsk, Russia

Abstract

We demonstrate that the multi-Regge form of QCD amplitudes with gluon
exchanges is proved in the next-to-leading approximation. The proof is based
on the bootstrap relations, which are required for the compatibility of this
form with the s-channel unitarity. It was shown that the fulfillment of all these
relations ensures the Reggeized form of energy dependent radiative corrections
order by order in perturbation theory. Then we prove that all these relations are
fulfilled if several bootstrap conditions on the Reggeon vertices and trajectory
hold true. All these conditions are checked and proved to be satisfied for all
possible t-channel color representations. That finally completes the proof of
the gluon Reggeization in the next-to-leading approximation and provides the
firm basis for BFKL approach therein.
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1 Introduction

Reggeization of gluons as well as quarks is one of remarkable properties of

Quantum Chromodynamics (QCD). The gluon Reggeization is especially im-

portant since cross sections non vanishing in the high energy limit are related

to gluon exchanges in cross channels. A primary Reggeon in QCD turns out

to be the Reggeized gluon.

The gluon Reggeization gives the most common basis for the description of

high energy processes. In particular, the famous BFKL equation 1) was derived

supposing the Reggeization. The most general approach to the unitarization

problem is the reformulation of QCD in terms of a gauge-invariant effective

field theory for the Reggeized gluon interactions.

The gluon Reggeization was proved in the leading logarithmic approxi-

mation (LLA), i.e. in the case of summation of the terms (αS ln s)n in cross-

sections of processes at energy
√

s in the c.m.s., but till now remains a hypoth-

esis in the next-to-leading approximation (NLA), when the terms αS(αS ln s)n

are also kept. Now the BFKL approach 1), based on the gluon Reggeization,

is intensively developed in the NLA.

We present the proof of the gluon Reggeization in the NLA. Substan-

tially in our consideration we follow the paper 2). All references are presented

therein. First we show that the fulfillment of the bootstrap relations guarantees

the multi–Regge form of QCD amplitudes. Then we demonstrate that an infi-

nite set of these bootstrap relations are fulfilled if several conditions imposed

on the Reggeon vertices and the trajectory (bootstrap conditions) hold true.

Now almost all these conditions are proved to be satisfied. In our consideration

we hold the following terminology:

Multi-Regge kinematics (MRK). Let us consider the amplitude (see

fig.1) A2→n+2 of the process A + B → A′ + J1 + . . . + Jn + B′: see the fig-

ure. We use light-cone momenta n1 and n2, with n2
1 = n2

2 = 0, (n1n2) = 1,

and denote (pn2) ≡ p+, (pn1) ≡ p−. Let assume that initial momenta pA

and pB have predominant components p+
A and p−B. MRK supposes that ra-

pidities of final jets Ji with momenta ki yi = 1
2 ln
(
k+

i /k−

i

)
decrease with i:

y0 > y1 > . . . > yn > yn+1; as for y0 and yn+1, it is convenient to define

them as y0 = yA ≡ ln
(√

2p+
A/|q1⊥|

)
and yn+1 = yB ≡ ln

(|q(n+1)⊥|/
√

2p−B
)
.

Notice that qi indicate the Reggeon momenta and q1 = pA′ − pA ≡ qA,

qn+1 = pB − pB′ ≡ qB.
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Figure 1: The amplitude for the process 2 → n + 2.

Signature in the channel tl for multi-particle production means the sym-

metrization (or antisymmetrization) with respect to the substitution si,j ↔
−si,j, for i < l ≤ j. Here si,j = (ki + kj)

2.

Hypothesis of the gluon reggeization claims that in MRK the real

part of the NLA-amplitude 2 → n + 2 with negative signature has universal

form, where all energy dependence is exponentiated:

�AA′B′+n
AB = Γ̄R1

A′A

(
n∏

i=1

eω(q2
i )(yi−1−yi)

q2
i⊥

γJi

RiRi+1

)
eω(q2

n+1)(yn−yn+1)

q2
(n+1)⊥

Γ
Rn+1

B′B , (1)

where yi = 1
2 ln(

k
+

i

k
−

i

) — particle (Pi) rapidities, and γJi

RiRi+1
, ΓR

P ′P — known

effective vertices, and ω(q2
i ) — (perturbatively) known gluon trajectory.

2 The concept of the gluon Reggeization proof

Using the elementary properties of the signaturized NLO amplitude we can

obtain the following bootstrap relations:

�
( n+1∑

l=k+1

discsk,l
−

k−1∑
l=0

discsl,k

)AA′B′+n
AB

−2πi
=

1

2
(ω(tk+1)−ω(tk))�AA′B′+n

AB . (2)
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Figure 2: sj,n+1-channel discontinuity calculation via unitarity relation.

These relations constitute an infinite number of necessary and sufficient

conditions for compatibility of the Regge amplitude form (eq.1) with unitarity:

the discontinuities (see fig.2) in these relations must be calculated using the s–

channel unitarity and the multi-Regge form of the amplitudes (eq.1). Evidently,

there is an infinite number of the bootstrap relations, because there is an infinite

number of amplitudes A2→n+2.

3 Bootstrap conditions

An infinite number of the bootstrap relations (eq.2) are satisfied if the finite

number of following bootstrap conditions are fulfilled. In 2) we show that the

fulfilment of the bootstrap conditions guarantees the implementation of all the

infinite set of the bootstrap relations (eq.2). These conditions can be divided

into two sorts: elastic and inelastic ones.

Elastic bootstrap conditions describe the properties of the transition

of the initial particle B to B′ with the two Reggeon emission in the t channel:

see the rightmost blob in fig2. In Reggeon operator formalism 2) the impact

factors for scattering particles satisfy equations

|B̄′B〉 = gΓ
Rn+1

B′B |Rω(qB⊥)〉, 〈A′Ā| = gΓ̄R1

A′A〈Rω(qA⊥)|, (3)

where 〈Rω(q⊥)| and |Rω(q⊥)〉 are the bra– and ket– vectors of the universal
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(process independent) eigenstate of the BFKL kernel K̂ with the eigenvalue

ω(q⊥),

K̂|Rω(q2
⊥

)〉 = ω(q2
⊥

)|Rω(q⊥)〉, 〈Rω(q2
⊥

)|K̂ = 〈Rω(q⊥)|ω(q2
⊥

), (4)

The last equations give us elastic bootstrap conditions. The bootstrap condi-

tions (eq.3) and (eq.4) are known since a long time and have been proved to

be satisfied about ten years ago.

Inelastic bootstrap conditions connect the Reggeon-gluon impact fac-

tors (the leftmost blob in fig.2) and the gluon production operator (the centre

blobs in fig.2). In our formalism these conditions can be written in the following

universal form:

Ĵi |Rω(q(i+1)⊥)〉 g q2
(i+1)⊥ + |J̄iRi+1〉 = |Rω(qi⊥)〉 g γJi

RiRi+1
. (5)

The first term is referred to as the operator of the jet Ji production. In

our approximation (NLA) the jet Ji is either one gluon, or quark-antiquark

pair (or two gluons) with close rapidities. The operator of the jet produc-

tion 〈G′
1G′

2|Ĵi |Rω(q(i+1)⊥)〉 (i.e. operator Ĵi projected onto the two-Reggeon

t-channel state 〈G′

1G′

2| and onto kernel eigenstate |Rω(qi⊥)〉) can be explicitly

viewed 2) through known in NLO effective vertices and the gluon trajectory.

The second element 〈G′

1G′

2|J̄iRi+1〉 of (eq.5) is the impact-factor of the jet pro-

duction. It describes the transition of the t-channel Reggeon Ri+1 into the

final jet Ji and two-Reggeon t-channel state. The analytical form through the

effective vertices and the trajectory one can find in 2). For the case when the

jet Ji is quark-antiquark pair or two gluons the bootstrap condition (eq.5) was

proved several years ago 3). The last unproved bootstrap condition reproduces

the case when Ji is one gluon.

From the explicit form of the effective vertices it is easy to see that for the

gluon contribution there are only three independent colour structures that lead

to the nontrivial bootstrap condition. The optimal choice is the “trace-based”:

Tr[T c2T aT c1T i], Tr[T aT c2T c1T i], Tr[T aT c1T c2T i], (6)

where a is a colour index of the external gluon; i is a colour index of one-Reggeon

t-channel state, and c1, c2 are colour indices of the two-Reggeon t-channel state.

Two years ago by the direct loop calculation we demonstrated that the inelastic

bootstrap condition was fulfilled being projected onto the colour octet in the
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t-channel. For the quark contribution all bootstrap conditions can be obtained

from the octet one and thereby are fulfilled.

The bootstrap conditions for the second and third colour structures in

(eq.6) can be obtained from the octet one in a simple way. The first colour

structure (symmetric with respect to c1 and c2) is essentially new.

Up to date by the direct loop calculation in the dimensional regulariza-

tion we found both impact-factor and operator of the gluon production, and

checked the cancellation of all singular (collinear and infrared singularities),

logarithmic, and rational terms within the bootstrap condition for this struc-

ture. The matter of the nearest future is to cancel all dilogarithmic and double

logarithmic terms. That will accomplish the NLA gluon reggeization proof

irreversibly.

4 Conclusion

We presented the basic steps of the proof that in the multi–Regge kinematics

real parts of QCD amplitudes for processes with gluon exchanges have the

simple multi-Regge form.

The proof is based on the bootstrap relations required by the compat-

ibility of the multi–Regge form (eq.1) of inelastic QCD amplitudes with the

s–channel unitarity.
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INCLUDING QCD RADIATION CORRECTIONS
IN TRANSPLANCKIAN SCATTERING

Paolo Lodone
Scuola Normale Superiore of Pisa and INFN

Abstract

The hypothesis of models with Large Extra Dimensions is that the fundamental
Planck scale can be lowered down to some TeV if gravity propagates in some
(compactified) extra dimensions. If this is the case, quantum gravity effects

could be visible at the LHC. Gian F. Giudice et al in 1) studied these effects
in the eikonal approximation. It is interesting both from a phenomenological
and a theoretical point of view to study the corrections to these results due to
the QCD radiation. To evaluate this contribution, we generalize a shock-wave
method proposed by ’t Hooft, so that we are able to obtain the amplitude at
first order in QCD corrections but resummed at all orders in gravity. Studying
this result we can learn many interesting things, for example we can extract
the true scale of the process. This is actually work in progress jointly with

Vyacheslav Rychkov, the complete results will appear in 2).
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1 Introduction

The hypothesis 3) of Large Extra Dimensions (LED) is motivated by the

Hierarchy problem and amounts to suppose that there exists n compactified

extra dimensions so that the Einstein - Hilbert action of General Relativity

(GR) becomes, with D = 4 + n:

SD =
1

2

∫
dDx

√
−g(D)Mn+2

D R(D). (1)

Integrating out these extra dimensions we obtain:

M2
Pl = M2+n

D (2πr)n (2)

where r is the size of the extra dimensions in the simplest case of toroidal

compactification. This means that if the volume of the compactified extra

dimensions is “large”, then the scale MD at which Quantum Gravity (QG)

should manifest itself is much lower then the usual Planck scale MPl.

The important point (see 4) for a review) is that if we assume that

only gravity can propagate in the n extra dimensions, then the only observable

effect is a deviation from the newtonian potential at distances smaller than

r. Moreover setting MD = 1 TeV we have r = 2 · 10−1610
32
n mm. Since the

experimental data impose r ≤ 0.2 mm, we immediatly see that:

n ≥ 2 , MD ≈ 1 TeV (3)

is a serious possibility which has to be taken into account at the LHC.

2 Transplanckian scattering

Let us consider the case of scattering events, following 1). Defining the D-

dimensional gravitational coupling constant as GD = (2π)n−1
�

n+1

4cn−1M
n+2

D

, the relevant

length scales are:

λB =
4π�c√

s
, λP =

(
GD�

c3

) 1
n+2

, RS =
1√
π

[
8Γ(n+3

2 )

n + 2

] 1
n+1

(4)

where λB is the de Broglie wavelength, λP is the Planck scale (at which QG

appears), and RS is the Schwarzschild radius (at which curvature effects become

8



large). It is important to notice that in this D-dimensional framework we also

have the length scale:

bc =

(
GDs

�c5

) 1
n

(5)

which can not be defined if n = 0 and moreover goes to infinity if � → 0 with

GD fixed. This means that bc is related to the size of the classical region in the

impact parameter space.

Since the true theory of QG is not known, we are interested in model

independent predictions. First of all let us assume that bc � RS , which is

certainly true at sufficiently high energy. Notice that for impact parameter

b � RS gravity can be linearized. Moreover if
√

s � MD then RS � λP �
λB, which means that QG effects are expected to be small. Finally, in the

case of forward scattering at small angles, we are able to perform a predictive

computation using the eikonal resummation or the shock-wave method, as we

will see in the following sections. In conclusion, in the transplanckian eikonal

regime defined by: √
s � MD ,

−t

s

 1 (6)

it is possible to obtain model independent predictions which rely only on Quan-

tum Mechanics (QM) and linearized GR. Notice that all this can be of interest

only in a LED scenario with the QG scale MD lowered down to a few TeV.

3 Eikonal amplitude without radiation

As shown in 1) and 5), a first approach for the evaluation of the transplanck-

ian eikonal amplitude is “eikonalization”, which amounts to resum an infinite

number of Feynman diagrams with graviton exchanges which are one by one

ultraviolet (UV) divergent but whose sum is finite. In performing this sum we

neglect the virtuality of gravitons in the matter propagators and we make use

of the on-shell vertices. The final result is:

Aeik(q⊥) = −2is

∫
d2b⊥eiq⊥b⊥(eiχ(b⊥) − 1) (7)

where q⊥ is the momentum transfer, which is mainly transverse (q2
⊥

≈ −t),

and:

χ(b⊥) =
1

2s

∫
d2q⊥
(2π)2

e−iq⊥b⊥Atree(q⊥) =

(
bc

b⊥

)n

. (8)
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Notice that this amplitude is spin independent and moreover there is no UV

sensitivity. This means that in this regime we can obtain a prediction in per-

turbative QG which does not depend on the way QG is regolarized.

An equivalent approach which shows even more explicity the fact that this

prediction relies only on QM and GR is ’t Hooft shock wave method 6). In

this case we solve the Einstein equations for a very energetic particle, obtaining

the Aichelburg-Sexl shock wave metric 7):

ds2 = −dx+dx− + Φ(x⊥)δ(x−)(dx−)2 + dx2
⊥ (9)

where the particle is moving in the positive z direction, and:

Φ

8πGD

= −E

π
log |x⊥| if D = 4

=
2 Γ(k+1

2 )E

2 π
k+1

2 (D − 4) |x⊥|D−4
if D > 4 . (10)

We can perform a (discontinuous) coordinate transformation x → x′ in order

to make the metric continuous across x− = 0. At x− = x′− = 0 we have:{
x+ = x′+ + θ(x−)Φ(x⊥)
xi = x′i (i = 1, 2) .

(11)

Then we solve the equations of motion for the other particle in this shock-wave

spacetime, which consists of two flat semispaces glued together at x− = 0 with

the discontinuity (11). For a particle with energy E moving in the negative z

direction (p = (E,−E, 0)) the wavefuction is, before the collision:

ψ(x) = e−ipx = e−iEx+

(x− < 0) (12)

while immediatly after the collision the continuity in the x′ coordinates implies:

ψ(x) = e−iE(x+
−Φ(x⊥)) (x− → 0+) (13)

thus we obtain the eikonal amplitude:

Aeik(x⊥) = eiEΦ(x⊥). (14)

It can be checked 2) that EΦ(x⊥) is exactly the eikonal χ(x⊥) of (8). Notice

that the −1 in (7) gives a contribution proportional to δ(q⊥), and the overall

factors can be obtained by properly normalizing the wavefunctions.
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4 Including radiation

In order to compute the QCD radiation corrections to the amplitude (7), the

best way to proceed is to generalize ’t Hooft method using the Green’s func-

tions for the various particles in the shock-wave spacetime. Let us consider for

simplicity a scalar quark with momentum p which scatters across the shock

wave changing its momentum into p′ and emitting a gluon with momentum l.

Then apart from some normalization factors the matrix element is:

Mp→p′+l =

∫
d4x

√−ggµνGout(p
′, x)

←→
∂ µGin(x, p)GA

out(l, ε, x)ν . (15)

The Green’s functions are obtained via ’t Hooft method, for example for the

incoming quark Gin(x, p) = e−ipx for x− < 0 while for x− > 0 we have:

Gin(x, p) =

∫
d2ki

(2π)2
e
−i( (pi+ki)2

2p−
x−+ p−

2
x+

−(pi+ki)xi)
A(ki, p−) (16)

where:

ei p−

2
Φ(xi) =

∫
d2k

(2π)2
eikixi

A(ki, p−). (17)

The only subtlety is that for the case of the gluon (photon) Green’s function

we must include the Jacobian of the transformation (11) at x− = 0, which

can be found in 8). All these details can be found in 2). The final result is

M =
∫

x−<0
+
∫

x−>0
= M− + M+ , with:

M+ = (2π)δ(p′− − p− + l−)
2(p′ + p̃)µεµ

(p′+ − p̃+ + l+) + iε
A(p′

⊥
− p⊥ + l⊥, p−) (18)

M− = (2π)δ(p′− − p− + l−)

∫
d2k⊥
(2π)2

2(p̃′ + p)µε̃µ

−(p̃′+ − p+ + l̃+) + iε
×

× A((p′ − p + l − k)⊥, p′−)A(k⊥, l−) (19)

(p̃+, p̃−, p̃⊥) = (
(p′

⊥
+l⊥)2

p−
, p−, p′

⊥
+l⊥) , (p̃′+, p̃′−, p̃′

⊥
) = ( (p⊥−l̃⊥)2

p′−
, p′−, p⊥− l̃⊥),

and ε̃µ is the transformed of εµ through the Jacobian of (11). It can be checked

that gauge invariance holds.

As a first application of this result, we can determine the scale of the

process by studying the large logarithms coming from
∫

d2l |M |2. What we

find is that, in the case of large momentum transfer bcq⊥ � 1, if we want

11



to reabsorb the large corrections the scale at which the parton distribution

functions must be normalized is:

Qeff =
(q⊥bc)

1
n+1

bc

. (20)

Notice that for n = 0 the scale lenght bc cannot be defined, and in fact in

this case there is no “strange behaviour”. It is interesting to note also that

this scale is essentially the inverse of the impact parameter that dominates the

amplitude (7) in the stationary phase approximation, which is named bs in 1).

5 Conclusions and perspectives

For the moment the main result of this study is the generalization of ’t Hooft

method 6) in order to include QCD radiation in transplanckian scattering. The

sum of (18) and (19), apart from some normalization factors, gives Mp→p′+l

at the first order in QCD and at all orders in gravity in the regime (6). We

have also hints about the true scale of this process, which may not be just the

momentum transfer. In 2) we will derive all this in full detail and we will

carefully study the implications for signals at colliders.
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Abstract

I study variations of the standard leptogenesis scenario that can arise if an
additional mass scale related to the breaking of some new symmetry is present
below the mass MN1

of the lightest right-handed Majorana neutrino. I present
a particular realization of this scheme that allows for leptogenesis at the TeV
scale. In this realization the baryon asymmetry is exclusively due to flavor
effects.

1 Introduction

From observations of light element abundances and of the Cosmic microwave

background radiation 1) the Cosmic baryon asymmetry, YB = nB−nB̄

s
=

(8.75 ± 0.23) × 10−10, (where s is the entropy density) can be inferred. The

conditions for a dynamical generation of this asymmetry (baryogenesis) are

13



well known 2) and depending on how they are realized different scenarios for

baryogenesis can be defined (see ref. 3) for a througout discussion). Lep-

togenesis 4) is a scenario in which an initial lepton asymmetry, generated

in the out-of-equilibrium decays of heavy singlet Majorana neutrinos (Nα), is

partially converted in a baryon asymmetry by anomalous sphaleron interac-

tions 5) that are standard model processes. Singlet Majorana neutrinos are

an essential ingredient for the generation of light neutrino masses through the

seesaw mechanism 6). This means that if the seesaw is the source of neutrino

masses then qualitatively, leptogenesis is unavoidable. Consequently, whether

the baryon asymmetry puzzle can be solved within this framework turn out

to be a quantitative question. This has triggered a great deal of interest on

quantitative analysis of the standard leptogenesis model and indeed a lot of

progress during the last years has been achieved (see ref. 7)).

2 The Model

The model we consider here 8) is a simple extension of the standard model

containing a set of SU(2)L × U(1)Y fermionic singlets, namely three right-

handed neutrinos (Nα = NαR + N c
αR) and three heavy vectorlike fields (Fa =

FaL + FaR). In addition, we assume that at some high energy scale, taken to

be of the order of the leptogenesis scale MN1
, an exact U(1)X gauge horizontal

symmetry forbids direct couplings of the lepton 
i and Higgs Φ doublets to the

heavy Majorana neutrinos Nα. At lower energies, U(1)X gets spontaneously

broken by the vacuum expectation value (vev) σ of a SU(2) singlet scalar field

S. Accordingly, the Yukawa interactions of the high energy Lagrangian read

−LY =
1

2
N̄αMNα

Nα + F̄aMFa
Fa +hia
̄iPRFaΦ+N̄α

(
λαa + λ(5)

αaγ5

)
FaS. (1)

We use Greek indices α, β . . . = 1, 2, 3 to label the heavy Majorana neutrinos,

Latin indices a, b . . . = 1, 2, 3 for the vectorlike messengers, and i, j, k, . . . for

the lepton flavors e, µ, τ . Following reference 8) we chose the simple U(1)X

charge assignments X(
Li
, FLa

, FRa
) = +1, X(S) = −1 and X(Nα, Φ) = 0.

This assignment is sufficient to enforce the absence of N̄
Φ terms, but clearly

it does not constitute an attempt to reproduce the fermion mass pattern, and

accordingly we will also avoid assigning specific charges to the right-handed

leptons and quark fields that have no relevance for our analysis. As discussed

in 8), depending on the hierarchy between the relevant scales of the model
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(MN1
, MFa

, σ), quite different scenarios for leptogenesis can arise: i) For

MF , σ � MN , we recover the Standard Leptogenesis (SL) case that will not

discuss. ii) For σ < MN1
< MFa

we obtain the Purely Flavored Leptogene-

sis (PFL) case, that corresponds to the situation, when the flavor symmetry

U(1)X is still unbroken during the leptogenesis era and at the same time the

messengers Fa are too heavy to be produced in N1 decays and scatterings, and

can be integrated away (for other possibilities see ref. 8)). After U(1)X and

electroweak symmetry breaking the set of Yukawa interactions in (1) generates

light neutrino masses through the effective mass operator. The resulting mass

matrix can be written as 8)

−Mij =

[
h∗

σ

MF

λT v2

MN

λ
σ

MF

h†

]
ij

=

[
λ̃T v2

MN

λ̃

]
ij

. (2)

Here we have introduced the seesaw-like couplings λ̃αi =
(
λ σ

MF
h†

)
αi

. Note

that, in contrast to the standard seesaw, the neutrino mass matrix is of fourth

order in the fundamental Yukawa couplings (h and λ) and due to the factor

σ2/M2
F is even more suppressed.

3 Purely flavored leptogenesis

In the case when σ < MN1
< MF , two-body N1 decays are kinematically

forbidden. However, via off-shell exchange of the heavy Fa fields, N1 can decay

to the three body final states SΦl and S̄Φ̄l̄. The CP asymmetry is obtained

from the interference between the tree level and loop diagrams; and reads 8):

εN1→�j
≡ εj =

3

128π

∑
i �m

[(
hr2h†

)
ij

λ̃1iλ̃
∗

1j

]
(
λ̃λ̃†

)
11

, (3)

where r = MN1
/MF . The CP asymmetries in (3) have the following properties:

i) εj �= 0. ii) The total CP asymmetry εN1
=
∑

j εj = 0. This is because

�m[λ̃hr2h†λ̃†]11 = 0, and is related to the fact that the loop does no involve

lepton number violation. iii) Rescaling the couplings h and λ by a parameter

κ > 1 according to: h → κh, λ → κ−1λ; enhances the CP asymmetries as

εi → κ2εi
9). In the Bolztmann Equations (BE), the particles densities are

written in terms of the entropy density s, i.e Ya = na/s where na is the number

density for the particle a. We rescale the densities Ya by the equilibrium density
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N1

S


i

Φ N1

S̄ 
i

Φ N1

Φ̄ 
i

S N1


̄i Φ

S

Figure 1: Relevant diagrams for leptogesis in our PFL model.

Y eq
a of the corresponding particle, defining ya ≡ Ya/Y eq

a , while the asymmetries

of the rescaled densities are denoted by ∆ya ≡ ya − yā. In the BE, the time

derivative is defined as Ẏa = zHsdYa

dz
where z = MN1

/T and H(z) is the Hubble

rate at temperature T . We denote the thermally averaged rate for an initial

state A to go the final state B as γA
B = γ (A → B). The processes in the BE

are the decay of N1 and the scatterings illustrated in figure 1; they are all of

the same order O((λ†h)2). The BE for the evolution of the N1 abundance and

of the lepton density asymmetry Y∆Li
are (see 9) for details):

ẎN1
= − (yN1

− 1) γ

Ẏ∆Li
= (yN1

− 1) εiγ − ∆yi

(
γi + (yN1

− 1) γN1�̄i

SΦ

)
, (4)

where γi = γN1

SΦ�i
+γS̄N1

Φ�i
+γΦ̄N1

S�i
+γ �̄iN1

SΦ is the sum of the processes depicted en

fig. 1 and γ =
∑

i γi + γ̄i. For PFL the strong washout condition, corresponds

to: γ
z H s

∣∣
z∼1

> 1 where the normalization factor z H s has been chosen to obtain

an adimensional ratio. For the BE’s solution we have chosen the couplings h

and λ such that they reproduce the low energy neutrino parameters within 2σ

and also satisfy the strong washout condition. The densities rates for e and τ

are shown in figure 2, their expressions can be found in 9). It is important to

remark that the value of the lowest Majorana mass has be chosen at the TeV

scale: MN1
= 2.5 TeV. Others parameters are MN2

= 10 TeV, MN3
= 15 TeV

and ra = [.1, .01, .001]. The total reaction densities that determine the washout

rates for the different flavors are shown in the first panel in figure 3. Since PFL

is defined by the condition that the sum of the flavor CP asymmetry vanishes

(
∑

j ε1j = 0), it is the hierarchy between these washout rates that in the end

is the responsible for generating a net lepton number asymmetry. The total

lepton asymmetry obtained is above the experimental data, but the couplings

can be rescaled by a suitable value of κ to get the right value.
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Figure 2: (a) The e density rates. Around z ∼ 1 s-channel scatterings is
the dominant one. (b) The τ density rates. Around z ∼ 1 both decay and
scatterings are faster than z H s.
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Figure 3: (a) Washout rates: with our choice of parameters the washout for
the τ is stronger (weaker) than that of e and µ, for z � 1 (z 
 1). (b)
Evolution of the flavored and of the total lepton asymmetry. The final value
is Y∆L = −7.1 × 10−10, that is approximately three times larger than the
experimental value, and is completely dominated by Y∆Le

.

Conclusions

Variations of the standard leptogenesis scenario can arise from the presence

of an additional energy scale different from that of lepton number violation.
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Quite generically, the resulting scenarios can be expected to be qualitatively

and quantitatively different from SL. Here we have considered what we regard

as the simplest possibility namely, the presence of an Abelian flavor symmetry

U(1)X . The model allows for the possibility of generating the Cosmic baryon

asymmetry at a scale of a few TeVs. Moreover, our analysis provides a concrete

example of PFL, and shows that the condition ε1 �= 0 is by no means required

for successful leptogenesis.
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Abstract

We study two and three meson decays of the tau lepton within the framework
of the Resonance Chiral Theory, that is based on the following properties of
QCD: its chiral symmetry in the massless case, its large-NC limit, and the
asymptotic behaviour it demands to the relevant form factors.
Most of the couplings in the Lagrangian are determined this way rendering the
theory predictive. Our outcomes can be tested thanks to the combination of a
very good experimental effort (current and forthcoming, at B- and tau-charm-
factories) and the very accurate devoted Monte Carlo generators.

1 Hadronic decays of the τ lepton

Our purpose is to provide a description of the semileptonic decays of the tau

lepton that incorporates as many theoretical restrictions derived from the fun-

damental interaction, QCD 1), as possible. This is a very convenient scenario
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to investigate the hadronization of QCD because one fermionic current is purely

leptonic and thus calculable unambiguously so that we can concentrate our ef-

forts on the other one, involving light quarks coupled to a V − A current.

The decay amplitude for the considered decays may be written as:

M = −GF√
2

Vud/us uντ
γµ(1 − γ5)uτHµ , (1)

where the strong interacting part is encoded in the hadronic vector, Hµ:

Hµ = 〈 {P (pi)}n

i=1 | (Vµ −Aµ) eiLQCD |0 〉 . (2)

Symmetries let us decompose Hµ depending on the number of final-state pseu-

doscalar (P ) mesons, n.

One meson tau decays can be predicted in terms of the measured processes

(π/K)− → µ−νµ, since the matrix elements are related. This provides a pre-

cise test of charged current universality 2). On the other side, it cannot tell

anything new on hadronization.

The two-pion tau decay is conventionally parameterized -in the isospin limit,

that we always assume- just in terms of the vector (JP = 1−) form factor of

the pion, Fπ(s):

〈π−π0|d̄γµu|0 〉 ≡ 〈π−π0|V µeiLQCD |0 〉 ≡
√

2Fπ(s)(pπ− − pπ0)µ , (3)

where s ≡ (pπ− + pπ0)2.

Because SU(3) is broken appreciably by the difference between ms and (mu +

md)/2, two form factors are needed to describe the decays involving one pion

and one kaon:

〈π−(p′)K̄0(p)|V µeiLQCD |0 〉 ≡
(

QµQν

Q2
− gµν

)
(p − p′)νFKπ

+ (Q2)

− m2
K − m2

π

Q2
QµFKπ

0 (Q2) , (4)

where Qµ ≡ (p + p′)µ. FKπ
+ (Q2) carries quantum numbers 1−, while FKπ

0 (Q2)

is the pseudoscalar form factor (0−). Other two meson decays can be treated

similarly and one should take advantage of the fact that chiral symmetry relates

some of their matrix elements.

For three mesons in the final state, the most general decomposition reads:

Hµ = V1µFA
1 (Q2, s1, s2) + V2µFA

2 (Q2, s1, s2) +

QµFA
3 (Q2, s1, s2) + i V3µFV

4 (Q2, s1, s2) , (5)
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and

V1µ =

(
gµν − QµQν

Q2

)
(p2 − p1)

ν , V2µ =

(
gµν − QµQν

Q2

)
(p3 − p1)

ν ,

V3µ = εµν
σ pν
1 p


2 pσ
3 , Qµ = (p1 + p2 + p3)µ , si = (Q − pi)

2 . (6)

Fi, i = 1, 2, 3, correspond to the axial-vector current (Aµ) while F4 drives the

vector current (Vµ). The form factors F1 and F2 have a transverse structure

in the total hadron momenta, Qµ, and drive a JP = 1+ transition. The

pseudoscalar form factor, F3, vanishes as m2
P /Q2 and, accordingly, gives a tiny

contribution. Higher-multiplicity modes can be described proceeding similarly
3). This is as far as we can go without model assumptions, that is, it is not

yet known how to obtain the Fi from QCD. However, one can derive some of

their properties from the underlying theory, as we will explain in the following.

2 Theoretical framework: Resonance Chiral Theory

We use a phenomenological Lagrangian 4) written in terms of the relevant

degrees of freedom that become active through the energy interval spanned by

hadronic tau decays. The chiral symmetry of massless QCD determines 5)

the chiral invariant operators that can be written including the lightest mesons

in the spectrum, the pseudoscalar ones belonging to the pion multiplet. It was

carefully checked 6) that -as one expects- Chiral Perturbation Theory, χPT ,

can only describe a little very-low-energy part of semileptonic tau decays.

Then one may attempt to extend the range of applicability of χPT to higher

energies while keeping its predictions for the form factors at low momentum:

this is the purpose of Resonance Chiral Theory, RχT , 7) that includes the

light-flavoured resonances as explicit fields in the action.

At LO in the NC → ∞ limit of QCD 8) one has as infinite tower of stable

mesons that experience local effective interactions at tree level. We depart from

this picture in two ways:

• We incorporate the widths of the resonances worked out consistently

within RχT 9).

• We attempt a description including the least possible number of resonance

fields reducing -ideally- to the single resonance approximation, SRA 10).
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We take vector meson dominance into account when writing our Lagrangian.

Thus, it will consist of terms accounting for the following interactions (aµ,

vµ stand for the axial(-vector) currents and A and V for the axial(-vector)

resonances):

• Those in χPT at LO and χPT -like: aµP , aµPPP , PPPP with even-

intrinsic parity; and vµPPP in the odd-intrinsic parity sector.

• Those relevant in RχT -NLO χPT operators are not included to avoid

double counting, since they are recovered and their couplings are satu-

rated upon integration of the resonance contributions 7)-. They include:

aµV P , vµV , aµA, V PP and AV P in the even-intrinsic parity sector and

vµV P , V PPP and V V P in the odd-parity one.

The explicit form of the operators and the naming for the couplings can be

read from 7), 11), 12), 13), 14) and 15).

The RχT just determined by symmetries does not share the UV QCD be-

haviour yet. For this, and for our purposes, we need to impose appropriate

Brodsky-Lepage conditions 16) on the relevant form factors. Explicit com-

putation and these short-distance restrictions reduce appreciably the number

of independent couplings entering the amplitudes which enables us to end up

with a useful -that is, predictive- theory.

3 Phenomenology

Our framework describes pretty well the two-meson decays of the τ , as shown

in the ππ 17) and Kπ 18) cases. Two-meson modes including η can be

worked analogously. The data in these modes are so precise 1 that although

the SRA describes the gross features of the data, one needs to include the first

excitations of the V resonances to achieve an accurate description. Although

FKπ
+ (Q2) is much more important than FKπ

0 (Q2), one needs an appropriate

pseudoscalar form factor to fit well the data, specially close to threshold 18).

The three meson modes are much more involved. However, a good descrip-

tion of the data has been achieved through a careful study 12, 15) taking

into account all theory constrains and experimental data on the 3π and KKπ

channels. We predict the KKπ spectral function and conclude that the vector

1See the references quoted in the articles cited through the section.
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current contribution cannot be neglected in these modes. We will study the

other three meson modes along the same lines. In particular, our study of the

Kππ channels might help improve the simultaneous extraction of ms and Vus

19). Our expressions for the vector and axial-vector widths and the hadronic

matrix elements have been implemented successfully in the TAUOLA library
20). This way, the experimental comunity will have as its disposal a way of

analysing hadronic decays of the tau that includes as much as possible infor-

mation from the fundamental theory. We also plan to study e+e− → PPP at

low energies what can eventually be used by 21).
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12. D. Gómez Dumm, A. Pich and J. Portolés, Phys. Rev. D 69 (2004) 073002.

13. V. Cirigliano, G. Ecker, M. Eidemüller, A. Pich and J. Portolés, Phys. Lett.

B 596 (2004) 96.

14. P. Roig, AIP Conf. Proc. 964 (2007) 40.
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Abstract

A very good measurement of the Missing Transverse Energy (Emiss
T ) is a crucial

requirement for the study of many physics processes at the LHC, for example
the Standard Model W or top-quark production, Higgs bosons decaying to tau
pairs, or supersymmetric particles. The most important contribution to the
Emiss

T resolution in the ATLAS detector comes from the calorimeters, which
provide near hermetic energy reconstruction. The calorimeter noise suppression
is of crucial importance and can be achieved using either a simple noise cut
or more sophisticated topological criteria. A refined calibration improves the
Emiss

T measurement. Additional corrections are applied for muons detected in
the Muon Spectrometer and energy deposits in dead material, as the cryostat
of the calorimeter. A detailed study of the Missing Energy performance on
fully simulated Monte Carlo data is presented, which shows results for various
physics processes involving different level of hadronic activity and Emiss

T . Real
ATLAS data from cosmic runs are also compared with the results from the
detector simulation.
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1 Introduction

At Tevatron and at the Large Hadron Collider (LHC) events with large Trans-

verse Missing Energy (Emiss
T ) are expected to be key signatures of new physics

(SUSY, Extra Dimensions). A good measurement of Emiss
T in terms of linearity

and resolution is important for the reconstruction of the top-quark mass and

for the study of W bosons decays. A precise Emiss
T measurement is also crucial

for the efficient and accurate reconstruction of the Higgs boson mass, when

decaying to a pair of τ leptons.

At hadron colliders it is not possible to use the Centre of Mass Energy to

constrain the kinematic of observed decays, but only the conservation of the

longitudinal momentum. To reconstruct the transverse momentum (pT ) of non

interacting particles we make use of the conservation of the total longitudinal

momentum of the event:
−→
ET

miss
= −−→

ET

visible
. For this reason the LHC gen-

eral purpose detectors have been designed with calorimeters covering a large

solid angle. In particular, the ATLAS calorimeter is able to provide a precise

energy measurement up to a pseudo-rapidity of |η| < 4.9.

To properly reconstruct the visible energy of the event, each energy deposit

has to be calibrated accordingly to the associated physics process. One of

the challenges of the measurement is to calibrate the energy deposited by soft

interactions, which contribute significantly to the total visible energy of the

event. The main sources of soft deposits are inelastic proton-proton collisions

(pile-up) and the underlying event. The limited coverage of the ATLAS Inner

Detector and of the Muon Spectrometer, and the cracks of the Calorimeters in

the barrel-endcap transition region affect the Emiss
T measurement.

2 Emiss
T reconstruction

To measure Emiss
T in ATLAS two approaches are used: the first (that we will

denote as cell-based reconstruction) starts from the calorimeter cells and adds

calibration and corrections in further steps, the second (that we will denote

as object-based reconstruction) starts from identified objects and adds the con-

tribution from soft deposits in a second step. The cell-based reconstruction is

more robust at initial data-taking, and less dependent on the definition of each

single physics object. The object based reconstruction, on the other side, has

the advantage to treat separately low-energy deposits: isolated clusters are col-
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lected in the so called mini jets, then π± and π0 are identified and calibrated.

Given the high number of electronic channels in the calorimeters (∼ 200 k), an

efficient noise suppression is required to improve the resolution. The easiest ap-

proach consists in a determination of the electronic noise, which is then used to

apply a cut on each calorimeter cell energy, usually requiring Ecell > 2 × σnoise.

A more effective approach, while less conservative, is the Topological Cluster-

ing, with the search for three-dimensional clusters of cells. Starting from a

cluster seed (a cell with an energy above 4 × σnoise), all the neighbouring

cells with energy above 2 × σnoise are added to the cluster, then all their

neighbouring cells without requiring any energy cut. With this method cells

with very low signal can survive the noise cut because of a signal measured in a

neighbouring cell. In Fig.(1, left) the Emiss
T distribution is shown for randomly

triggered events in cosmic data taking, after applying both noise suppression

methods. It’s observed that the Topological Clustering improves the measure-

ment, considering that the expected Emiss
T in randomly triggered events is zero.

In Fig.(1, right) the cosmic data are also compared with the results obtained

with the full Monte Carlo simulation of the ATLAS detector.

Figure 1: Left) Emiss
T in cosmic data from random triggers for standard noise

suppression and topological clustering. Right) Comparison between Emiss
T in

full detector simulation (line) and cosmic data (dots).

In the Cell-based reconstruction, the calibrations are applied in two main

steps. Firstly the global calibration, which is based on the characteristics of

the energy deposits, like the energy density or the spatial shape of the signal.

In a second step, the refined calibration is applied to all reconstructed objects,

preventing overlaps (if a cell is associated to a physical object it can not be
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associated to another one). The Object-based reconstruction, on the other

hand, starts from calibrated objects and then performs a further calibration of

the soft energy deposits (using the classification in π± and π0). In Fig.(2, left)

the Linearity1 is shown for different physics processes. It is possible to observe

how the calibration improves the linearity, which is at % level. Processes with

lower levels of hadronic activity (e.g. W → eν and W → µν) are characterized

by a good resolution already at the electro-magnetic scale. In Fig.(2, right)

the Missing ET resolution is also shown for the Higgs→ ττ decay as a function

of the Truth Missing ET of the event. At low Missing ET the resolution is

worsened because the noise becomes dominant.
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Figure 2: Left) Emiss
T linearity for different processes and different levels of

calibration. In order of increasing Truth < Emiss
T >: Z → ττ , W → eν,

W → µν, semi-leptonic tt, Higgs→ ττ , SUSY particle at a mass of ∼ 1 TeV.

Right ) Emiss
T linearity as a function of the Truth Emiss

T for A → ττ .

3 Emiss
T performance

The Emiss
T performance has been studied using fully simulated Monte Carlo

data. The results shown here have been obtained in the context of the Com-

puting System Commissioning of the ATLAS experiment.

The Emiss
T resolution follows approximately a stochastic behaviour as a func-

tion of the total transverse energy of the event (
∑

ET ). It can be measured

1The Linearity is defined as the relative difference between reconstructed
and truth Missing ET : (Emiss

T Reco
−Emiss

T Truth
)/Emiss

T Truth
, where truth and

reconstruced Emiss
T are obtained as the mean value of a Gaussian fit to the

Emiss
T distribution.
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in-situ using known processes with zero expected Emiss
T , like minimum bias

events which have also a very large cross-section. In Fig.(3, left) the Emiss
T res-

olution is shown for minimum bias and di-jet events, where only the minimum

bias events are used for the fit. It’s possible to observe how well the resolution

is described up to high values of the total transverse energy. In Fig.(3, right)

the Missing ET resolution is shown for different physics processes. Deviation

from the expected shape (a square root, as fitted in figure) can be observed at

low and at high
∑

ET : at low
∑

ET the noise starts to play an important role,

while at high
∑

ET the constant term of the calorimeter resolution dominates

over the other contributions.

The limited acceptance of the Muon Spectrometer affects the measurement
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Figure 3: Left) Emiss
x,y resolution for minimum-bias and di-jet events. The fit is

done using only the minimum bias events. Right) Emiss
x,y resolution for various

interesting physics processes.

because there might be undetected muons which can contribute to the fake

Missing ET . Also the jet measurement requires some care, since the jets can de-

posit energy in poorly instrumented regions of the calorimeters. The calorime-

ter leakage can be improved using informations from the Inner Tracker, while

for the muons we can rely only on statistical estimation of the fake contribu-

tion.

To properly calibrate the Missing ET in ATLAS, various interesting physics

processes have been identified. Furthermore the Missing ET performance is

strictly related to the jet calibration. As already mentioned, the high statistics

of minimum bias events that will be available already at low luminosity will
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be very useful for understanding the QCD environment at the LHC energies.

Di-jet events are as much powerful as minimum bias and, despite that of a

lower statistics, they present higher values of
∑

ET . Other processes that are

useful for the understanding of the Missing ET are Z → e+e− and Z → µ+µ−,

which acn give interesting results in terms of resolution and acceptance, while

Z → τ+τ− can be used to fix the Emiss
T scale.

4 Conclusion

The main aspects of the Missing ET reconstruction and performance in ATLAS

have been shown. Detailed MC studies demonstrate that the expected perfor-

mance can be achieved, while runs with random triggers have demonstrated

that the description and suppression of the instrumental noise work well. In

view of first collision data, further studies of the cosmic data will improve our

understanding of the Missing ET .
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Abstract

One of the first Standard Model processes that can be studied with the ATLAS
detector at the Large Hadron Collider will be the Z boson production in proton
proton collisions. Due to its high production rate, the differents decay channels
of the Z boson will also be used in the initial data taking period as benchmark
processes for the calibration of the detectors and performance measurements.
The measurement of the cross section of pp→Z→ µ+µ− + X process with first
data in ATLAS experiment is discussed.

1 Introduction

Due to large production rates, the physics of W and Z bosons is accessible in

the early data taking phase of the ATLAS 1) experiment at the LHC and will

be used as standard candle for many measurements. Depending on integrated
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luminosity, their leptonic decay channels can be used for the commissioning of

detectors and debugging of the analysis tools or the precision measurement of

electroweak parameters.

The production cross section of the Z boson can be written as

σZ =
N − B

A × ε × ∫ Ldt
(1)

where N is the number of selected candidate events, B is the number of back-

ground events, A is the detector acceptance computed from MC studies, L is

the luminosity and ε includes the reconstruction and trigger efficiency and the

signal selection cut efficiency.

The measurement uncertainty gets contribution from different terms as follows

δσ

σ
=

δN ⊕ δB

N − B
⊕ δL

L
⊕ δA

A
⊕ δε

ε
(2)

The term δN has a pure statistic origin and the relative error will decrease with

increasing integrated luminosity L , following the relation δN/N ∼ 1/
√

L .

The other terms are δB due to background contribution, δA that reflects the

theoretical uncertainties on the acceptance and δε that is related to the lim-

ited detector response knowledge. All of these are systematic uncertainties

in the cross section measurement but they can be constrained with auxiliary

measurements. An overall luminosity uncertainty of δL /L = 10% should be

taken into account for the measurement with the first ∼ 50pb−1 of integrated

luminosity, but it is expected to decrease in time thanks to the better under-

standing of the LHC beam parameters and of the ATLAS luminosity detector

response.

In the following sections, the measurement of σ (pp → Z) × BR (Z → µµ) is

discussed. Section 2 will focus on the event selection while in the other chapter

the techniques for the determination of the detector performance from data are

shortly described: the muon momentum scale and resolution (section 3) and

the measurement of muon reconstruction and trigger efficiency (section 4).

2 Event Selection

The Z → µ+µ− signal selection begins requiring at least a muon track candi-

date that passes the 10 GeV single muon trigger. Events are further selected

by requiring that they contain at least two reconstructed muon tracks with a
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Figure 1: a) Distribution of the track multiplicity within ∆R = 0.5 around

the muon b) Di-muon invariant mass distribution for Z → µ+µ− signal and

background after all cuts, except the isolation and Mµµ cuts, for 50 pb−1.

transverse momentum pT > 20 GeV and |η| < 2.5. The candidates must have

an opposite charge, and the invariant mass of the muon pair Mµµ should fulfill

|91.2GeV− Mµµ| < 20 GeV. An isolation cut is also applied: the number of

the tracks N ID in the Inner Detector within a cone around the candidate muon

with a size ∆R =
√

∆φ2 + ∆η2 < 0.5 must satisfy the relation N ID ≤ 5 and

the sum of the transverse momentum of the tracks inside the same cone must

not exceed 5 GeV. This is necessary to exclude non-isolated muons coming

from jet events. Figure 1(a) 2) shows the distribution of the track multiplicity,

normalized to respective cross sections, for signal and background after all the

other cuts.

These criteria select about 70% of the Z → µ+µ− events generated in the

ATLAS detector acceptance that corresponds to (2.57 ± 0.02(stat))×104 signal

events for an integrated luminosity of 50 pb−1 ( at
√

s = 14 TeV); the residual

background fraction is 0.004± 0.001. Figure 1(b) shows the resulting di-muon

invariant mass for signal and background after all cuts, except the isolation

and mass cuts, for an amount of data of 50 pb−1.
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3 Muon Momentum Scale and Resolution

The measurement of the muon momentum with the ATLAS experiment can be

affected by the limited knowledge of the magnetic field, the uncertainty in the

energy loss of the muons, and the alignment of the muon spectrometer.

The determination of the pT scale and resolution one can be made studying the

Z resonance shape. In fact the pT scale has a direct impact on the measured

mean value, while the pT resolution has a direct impact on the measured Z

width.

To extract the value of muon resolution and momentum scale, the pT resolution

function predicted by Monte Carlo simulations is iteratively adjusted in its

width and scale and the corresponding Z boson mass distribution is calculated.

The procedure stops if the resulting distribution agrees within its statistical

error to the distribution measured from data.

It is expected to determine the momentum scale for muons with a precision

better than 1%, while the uncertainty on the resolution will be smaller than

10%, for an integrated luminosity of 50 pb−1.

4 Muon Trigger and Reconstruction Efficiency

One of the methods chosen by the ATLAS experiment to evaluate the trigger

and reconstruction efficiency for muons is the so called tag and probe. This is

a data driven method which uses the two ATLAS independent traking systems

(Muon Spectrometer and Inner Detector) to cross-check their performances.

The tag and probe method is based on the definition of a probe object that is

used to make the performance measurement over a certain sample of events

properly chosen (tagged). For the efficiency studies the probe assumes the

same role of a MC truth generated muon in simulted data. In particular, the

Z → µ+µ− decay provides two muons with an high pT that can give two tracks

in the Muon Spectrometer and in the Inner Detector and two combined objects.

To apply this method in the Z → µ+µ− decay, two reconstructed tracks in the

Inner detector are required together with at least one associated track in the

muon spectrometer. The invariant mass of the two Inner Detector tracks have

to be close to the mass of the Z boson, to ensure that the tracks are the ones

associated to the decay muons of the Z boson.

In order to get as close as possible to a zero-background sample (where this
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Figure 2: a) Schematic illustration of the tag and probe method. b) Muon

detection efficiency vs. η, as measured from the tag-and-probe method and

compared to the truth, for 50 pb−1. The 20 GeV single muon trigger efficiency

and the combined muon reconstruction efficiency are plotted.

method for the efficiency estimation is exact) a tight trigger and quality cuts

for the tag can be used. Figure 2(b) illustrate the 20 GeV single muon trigger

efficiency and combined muon reconstruction efficiency using the tag and probe

method compared to the MC truth.

5 Conclusion

In Table 1 the expected precision on the σ (pp → Z)×BR (Z → µµ) measure-

ment for an integrated luminosity of 50 pb−1 at
√

s = 14 TeV is shown.

With this amount of data, the signal and background acceptance uncertain-

ties contribute to the cross section measurement error at the level of 2.3%,

neglecting the uncertainty on the integrated luminosity. Except for the con-

Table 1: Expected results for the Z → µ+µ− cross-section measurement with

an integrated luminosity of 50 pb
−1

at
√

s = 14TeV.

N (×104) B (×104) A × ε δA/A δε/ε σ(pb) ± (stat) ± (sys)
2.57 ± 0.02 0.010 ± 0.002 0.254 0.023 0.03 2016± 16 ± 76
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tribution from the acceptance, which is theoretically limited, all the others

uncertainties are expected to scale with statistics.

With the collection of a higher statistics, further studies of the differential

Z → µ+µ− cross section will also be useful to improve the theoretical un-

derstanding, thus allowing to measure the σ (pp → Z) × BR (Z → µµ) with a

precision better than 2%.
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Abstract

The geometrical acceptance for the decays pp → W/Z + X → 
ν/
+
− + X
in the ATLAS detector, is calculated using different Monte Carlo generators.
The main contribution to its systematic error is due to Parton Distribution
Functions (PDFs).

1 Introduction

The measurement of pp → W/Z → 
ν/
+
− cross sections will be one of the

first goals of the ATLAS experiment when the LHC will start the first collisions

in Winter 2009.

The cross section can be written as follows 1):

σ ≡ σpp→W/Z · BrW/Z→�ν/�+�− =
N − B

A · ε · L (1)
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where Br is the branching ratio for the leptonic decays of vector bosons, N the

number of signal events, B the number of associated background events, A the

geometrical acceptance (i.e. the fraction of signal events inside the kinematical

and angular cuts), ε the efficiency inside A and L the integrated luminosity.

The geometrical acceptance is determined only by the theory: one generates

the signal and looks for the final leptons, coming from the vector boson, and

then imposes the best cuts in order to separate the signal from the background.

From eq.1 and assuming no correlation, we get the following formula to

calculate cross section uncertainty 1):

δσ

σ
=

δN ⊕ δB

N − B
⊕ δε

ε
⊕ δL

L ⊕ δA

A
(2)

where ⊕ means quadratic sum. δN/N and δB/B have a purely statistical

origin, so they will decrease as 1/
√L, while δL and δε are expected to decrease

thanks to detector understanding. As it is shown in tab.1, where an estimation

for pp → Z → e+e− is given, after an integrated luminosity of 1 fb−1 the main

contribution to δσ/σ will be the theoretical one, which is due to δA.

Table 1: Estimated contributions for pp → Z → e+e− cross section uncertainty

versus integrated luminosity 1).

L δσ/σ (stat) δσ/σ (sys) δσ/σ (lum)

50 pb−1 0.8 % 4.1 % 10 %

1 fb−1 0.2 % 2.4 % –

2 Monte Carlo simulations of geometrical acceptance

I have compared acceptances calculated with different Monte Carlo generators:

the general purpose Herwig 6.510 2) and Pythia 8.1 3) at Leading Order (LO)

in αs, and Mc@Nlo 3.3 4) at Next to Leading Order (NLO). Also Horace 3.2 5)

has been used, both at LO and at NLO in αEW, to quantify the impact of

electroweak corrections.

In fact, different Monte Carlo generators implement different theoretical

models, different parton shower approximations and different sensitive param-

eters, so it is important to compare results obtained with several generators.
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In this work, the channels 
 = e, µ have been studied, both for W and for

Z/γ∗, at
√

s = 14 TeV, in stand-alone mode and in the official ATLAS analysis

framework (Athena).

For the muonic channel, to which tab.2 refers, the following cuts have

been imposed on the final leptons:

• pT > 20 GeV for µ and νµ,

• |η| < 2.5, only for µ.

Table 2: Results for geometrical acceptance absolute values.

W+ → µ+νµ W− → µ−νµ Z → µ+µ−

Herwig 45.45± 0.30 39.98 ± 0.26

Pythia 45.99± 0.31 39.75 ± 0.26

Horace Born 45.82± 0.30 46.01± 0.31 38.93 ± 0.25

Horace NLO 47.87± 0.32 47.61± 0.32 42.01 ± 0.28

Mc@Nlo 48.31± 0.34 48.28± 0.34 42.62 ± 0.29

These values were obtained with small samples (about 40000 events/channel/

generator), so the statistical binomial errors are quite large. Nevertheless, re-

sults appear in good agreement, as confirmed by the comparison among several

distributions (leptons pT and |η|, W and Z pT and y). It is interesting to notice

that both QCD (Mc@Nlo) and EW (Horace) corrections give an upward shift

to the LO acceptance.

3 Acceptance uncertainty

As stated in the Introduction, the acceptance uncertainty will be the main

contribution to that of cross section, setting the ultimate reachable accuracy.

The systematic error is studied starting from the Mc@Nlo default config-

uration, defined as “the most physical one”, and then turning on and off each

effect indipendently to see the impact on A. The main contribution to δA/A is

due to PDFs uncertainty, while all the others (partonic intrinsic kT �= 0, initial

state radiation amount, electromagnetic corrections, etc.) are negligible 6).
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3.1 Parton Distribution Functions

Several analysis methods have been proposed to extract PDFs from data. To es-

timate δA/A, I compared the CTEQ and the Neural Network (NN) approaches.

3.1.1 CTEQ PDFs

CTEQ analysis implements the Hessian method: one chooses a priori the PDF

parametrization (NPAR = 20 free parameters for CTEQ 6.1 analysis), and then

iteratively diagonalizes the Hessian matrix, resulting in NPAR eigenvectors. The

last step requires to choose a tolerance criterion to stop the χ2
global

variation

from the minimum, along each eigenvector. In this way, one ends up with

2NPAR PDF error sets plus a best fit set.

Acceptance central value, A0, is calculated with the PDF best fit set, and

then the Hessian error is associated to it through the master formula, which

takes into account the possibility of an asymmetric behaviour:

∆A+ =

√∑
PAR

k=1

[
max

(
A+

k − A0, A
−

k − A0, 0
)]2

∆A− =

√∑
PAR

k=1

[
max

(
A0 − A+

k , A0 − A−

k , 0
)]2 . (3)

This is done with CTEQ 6, 6.1 and 6.6. While CTEQ 6.1 7) represent the

improved version of 6, CTEQ 6.6 8) include heavy quark mass effects, in the

General Mass VFN scheme. Moreover, CTEQ 6.6 analysis adds two degrees of

freedom to the strange quark fit, shifting NPAR from 20 to 22. Fig.1 shows this

comparison for W+ → µ+νµ.

(a) (b)

Figure 1: a) Cross sections and b) acceptances for pp → W+ → µ+νµ.
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Theoretical cross sections (fig.1(a)) increase up to ∼ 6%, while for acceptances

(fig.1(b)) no conclusion can be drawn yet, due to small statistics.

3.1.2 Neural Network PDFs

A different approach is that of NN PDFs 9). They do not suffer from an a priori

parametrization, nor from a tolerance criterion. Moreover, resulting PDF sets

follow a Gaussian distribution, and so can be easily interpreted in a statistical

way. The NN analysis that I used (1.0) is in the Zero Mass scheme for heavy

quarks and bounds the strange quark distribution to be proportional to the

light sea one, an assumption which is now disfavoured. The full outcome of

NN analysis is a set of 1000 PDF replicas; for simulation purposes, one can

use a restricted sample of 100 replicas, which already allows a meaningful error

treatment.

Fig.2 shows this study for the Z → µ+µ− channel. In (a) one can see

acceptance values distribution (the Gaussian fit results in χ2/ndf ∼ 4) and a

sketch of the method used to calculate the 90% asymmetric confidence level.

Fig.2(b) shows then the comparison between central values and error bands.

Central values are all inside the NN error band, which seems to be a little

broader than the others (both in the symmetric and in the asymmetric cases)

as confirmed by the values in tab.3, which are all obtained with an an higher

statistics (400000 events samples).

(a) (b)

Figure 2: a) Cross sections and b) acceptances for pp → W+ → µ+νµ with

Mc@Nlo at
√

s = 14 TeV.
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Table 3: Comparison between acceptances calculated with different PDF sets.

A0 + ∆ A - ∆ A
(
max δ A

A

)
× 100

CTEQ 6.1 42.80 1.34 0.68 3.12

CTEQ 6.6 43.75 0.93 0.77 2.12

MRST 2001 43.25 0.22 1.05 2.43

NN 43.33 1.0 2.3

Asymm NN 43.33 0.83 1.42 3.3

4 Conclusions

The results presented show that the PDFs contribution dominates geometrical

acceptance uncertainty, up to ∼ 3%. All other effects are far less than 1%.

5 Acknowledgements

I’d like to thank G.Corcella, A.Di Ciaccio and S.Forte for useful suggestions.

References

1. The ATLAS Collaboration, JINST 3, 2008.

2. G. Corcella et al, arXiv.org:hep-ph/0210213.

3. T. Sjostrand et al, JHEP0605 026, 2006.

4. S. Frixione et al, arXiv.org:hep-ph/0612272.

5. C. Carloni Calame et al, Physical Review D 69, 2004.

6. M. Venturi, ATL-COM-PHYS-2008-251.

7. D. Stump et al, JHEP 0310,2003.

8. P. Nadolsky et al, arXiv.org:0802.0007.

9. R. Ball et al, Nucl. Phys. B809, 2009.

42



Frascati Physics Series Vol. XLVIII (2009), pp. 43-48
Young Researchers Workshop: “Physics Challenges in the LHC Era”

Frascati, May 11 and 14, 2009

THE CMS MUON RECONSTRUCTION

Giorgia Mila
University of Turin & INFN

Abstract

One of the main goals of the Compact Muon Solenoid (CMS) design is to ensure
efficient and accurate muon reconstruction.
Here a general overview of the CMS track fitting method and of the muon
reconstruction process is given. Muon offline data quality monitoring and muon
reconstruction certification are also discussed.

1 Introduction

The Compact Muon Solenoid (CMS) experiment 1) is one of two large general-

purpose detectors for particle physics which is built at the proton-proton Large

Hadron Collider (LHC) at CERN. It consists of a cylindrical barrel closed by

two endcap disks and it is composed by four main detector subsystems. The
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innermost system is a silicon-based tracker. A scintillating crystal electromag-

netic calorimeter surrounds it. A sampling calorimeter for hadrons is then

placed after the electromagnetic calorimeter. The tracker and the calorimetry

are compact enough to fit inside the CMS solenoid which generates a magnetic

field of 3.8 T. Outside the magnet there are the large muon detectors, which are

located inside the return yoke of the magnet. Since in a hadron collider leptons

provide a clear signature for many of the most interesting physics processes, a

precise and fast reconstruction of the leptons is mandatory for CMS. In this

context the muons play a key role because their properties can be measured

with great precision, as described in the following.

2 Track parameters and tracking algorithm principles

The CMS track reconstruction 2) is based on the Kalman Filter technique 3),

which is a recursive method for the fit of a discrete set of data. The basic

problem of this method consists in the estimation of a generic state vector x

given a set of measurements mk that are assumed to have the form

mk = Hkxk,true + εk (1)

where Hk is is the transform matrix from the state space to the measurement

space and εk is the noise that affects the true state. In the case of the track re-

construction, the state vector is defined as the position and momentum relative

to a given surface:

x =

⎛⎜⎜⎜⎜⎝
q/p
tanφ
tanθ

x
y

⎞⎟⎟⎟⎟⎠ (2)

where q is the charge, p is the momentum and φ, θ, x and y identify the track

direction and position on the surface.

To complete the track description, a 5D curvilinear covariance matrix, the

number of degrees of freedom and a summary of the information on the collected

hits are stored in the corresponding data format.

The first step of the track reconstruction consists in the seed state estimation.

For muon tracks the seed can be estimated starting from the measurements

themselves or from external input. Each Kalman Filter step is then developed

by two basic components:
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1. the propagator : it extrapolate a state vector and its covariance matrix

in a non-constant magnetic field, taking into account the effect of energy

loss and multiple scattering in the material traversed by the track.

2. the updator : it includes the information from a measurement into the

track.

The result of a Kalman filter is a state on the surface of the last measurement,

which includes all available information. However, the trajectory parameters

calculated at other points of the trajectory do not include the information from

all measurements. A second iteration is used to update the parameters at every

surface. In the Kalman filter terminology, this procedure is called smoothing.

Once the hits are fitted and the fake trajectories removed, the remaining tracks

are extrapolated to the point of closest approach to the beam line. In order to

improve the pT resolution a beam-spot constraint is possibly applied.

3 The muon reconstruction

Muon tracks in CMS are reconstructed at different levels and three different

types of high-level muons are reconstructed. The tracks within the muon sys-

tem are built combining the information coming from each muon sub-detector.

This step is the so called Stand-Alone Muon Reconstruction. In parallel (and

independently) the tracks in the tracker are reconstructed. Finally, the informa-

tion from the muon spectrometer and the tracker system are combined (Global

Muon Reconstruction) giving the final muon track. The association with the en-

ergy deposits in the calorimeters completes the muon reconstruction. Moreover

a complementary approach which considers all the silicon tracker tracks and

identifies them as muons by looking for compatible signatures in the calorimet-

ric and the muon systems has been developed (Tracker Muon Reconstruction).

3.1 Stand-Alone muons

Their reconstruction takes into account only information from the muon spec-

trometer. First track segments are reconstructed locally inside each muon

detector. Then the high-level reconstruction matches the information coming

from different detectors to perform the tracking. A pattern of compatible seg-

ments with the muon trajectory is chosen. Then a first fit using the segment

information is followed by a second more accurate fit which uses single hits
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Figure 1: pT resolution (R) and efficiency (L) of the Stand-Alone muon recon-

struction as a function of the pseudorapidity.

which compound the segments. Fig.(1) shows its performance. The loss in

efficiency at |η| ∼ 0.3 is due to a geometrical effect. The 0.8< |η| <1.2 range

is the barrel-endcap overlap region. Here the seed estimation (based on a pa-

rameterization) is more difficult as segments reconstructed in different muon

subdetectors are matched together. The pT resolution is ∼ 9% in the central

region for muons of pT = 50 GeV/c and it improves with high energies, due to

the larger lever arm.

3.2 Tracker muons

Tracker muons are reconstructed starting from silicon tracker tracks identified

as muon tracks. Then the algorithm searches for compatible segments in the

spectrometer and minimum ionizing particle energy deposits. Fig.(2) shows the

tracker tracking performance without taking into account the efficiency of the

muon identification. The tracking efficiency is constant around 99.5%, except

the |η| ∼0 region where there is a dip due to the tracker geometry and the pT

resolution is ∼ 0.9% in the central region for muons of pT =50 GeV/c. As for

the stand-alone tracks, the tracking resolution improves with high energies.

3.3 Global muons

The Global reconstruction combines information from different subsystems in

order to obtain a more accurate description of the muon. It starts propagating
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Figure 2: pT resolution (R) and efficiency (L) of the silicon tracker reconstruc-

tion as a function of the pseudorapidity.

the stand-alone muon tracks inside the tracker. Therefore a spatial region is

chosen and the best tracker track which matches with the muon stand-alone

track is selected. Finally a global refit using the hits from the tracker and the

stand-alone tracks is done. In this way the muon reconstruction can exploits the

long lever arm of CMS. The Global muon efficiency and resolution behaviour

depends respectively on the Stand-Alone and the Tracker reconstruction, as

shown in Fig.(3).

4 Offline Monitoring of the muon reconstruction

The main task of the offline monitoring of the muon reconstruction is the

data certification for physics analysis. The offline monitoring runs on the full

statistics during the prompt reconstruction which has one day of delay with

respect to the online data taking. A list of histograms crucial to understand the

muon collection properties is produced and quality tests are applied to them

in order to provide a list of flags which indicate the goodness of all the muon

reconstruction components. Finally, the results are published on a web page.

The muon collection is a complex object to be certificated because the muon

reconstruction does not only depend on tracking algorithm but it involves many

other information, such as the calorimetric deposits and the muon identification

variables. Therefore the combination of the results from the quality tests is

important to univocally certificate the muon reconstruction for a given data
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Figure 3: pT resolution (R) and efficiency (L) of the Global muon reconstruc-

tion as a function of the pseudorapidity.

sample. The main variables monitored are:

• Track parameters and quality variables (e.g. χ2, number of hits).

• Muon energy deposits, separately for each type of calorimeter.

• Muon identification quantities, e.g. residuals between segments in the

muon chambers and extrapolated track states.

The ranges of the quality tests have been tuned on simulated events for both

cosmics and proton-proton collision data. Summary histograms of the test re-

sults are provided for shifters and the complete certification procedure has been

checked, used and improved during the detector commissioning with cosmics.
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Abstract

The total cross sections for Heavy vector pair production at LHC by longitu-
dinal gauge boson fusion and Drell Yan annihilation are studied as a function
of the mass MV of the vector in the framework of the Chiral Lagrangian for-
mulation with massive spin one fields. The cross section for V +V − production
in e+e− collisions at

√
s = 3TeV is also studied.

1 Introduction

In spite of the very good agreement of the Standard Model predictions with

experimental data, the Higgs boson has not been detected experimentaly and

then the mechanism of electroweak symmetry breaking responsible for the gen-

eration of the masses of the fermions and bosons remains to be explained.

Besides that, the Standard Model does not explain the scale of the electroweak
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symmetry breaking, which is a free parameter of the theory, taken from the ex-

periment. Moreover, the Standard model has the so called hierarchy problem,

which is the instability of the Higgs field against quantum corrections.

Since there is no experimental evidence for a Higgs particle up to date, it is

natural to ask what happens if we keep all the standard model fields, except

the Higgs boson. With this motivation and inspired in the Chiral Perturbation

Theory Lagrangian formalism up to O
(
p4
)

developed by Ecker et al., Barbieri

et al have introduced a SU (2)L × SU (2)R Chiral Lagrangian with two mas-

sive spin one tensor fields of opposite parity which interact with the Goldstone

bosons and with the Standard Model gauge fields. This Chiral Lagrangian for-

mulation with massive spin one tensor fields of opposite parity, which is meant

to be valid up to a cutoff Λ � 4πv � 3TeV can account for the Electroweak

Precision Tests and keep the unitarity of the longitudinal W boson scattering

under control up to 3TeV 1). Since in the mentioned Chiral Lagrangian for-

mulation with massive spin one tensor fields, unitarity of longitudinal W boson

scattering is preserved up to 3TeV , these spin one tensor fields play the role of

the Higgs boson in keeping unitarity under control.

2 Effective Chiral Lagrangian with massive spin 1 fields.

Chiral Lagrangians have been extensively used to describe the phenomenon

of spontaneuos symmetry breaking in strong and in weak interactions. They

can be regarded as the low energy limit of an underlying fundamental theory
2, 3, 4). Inspired in the Chiral Perturbation Theory Lagrangian formalism up

to O
(
p4
)

developed by Ecker et al. used in the description of the low energy

effects in QCD, the following SU (2)L×SU (2)R invariant Lagrangian at O
(
p2
)

describing the coupling of heavy fields V µν and Aµν to Goldstone bosons and

Standard Model gauge fields, invariant under parity is considered 1):

Leff =
v2

4
Tr
(
DµU (DµU)

†
)
− 1

2

∑
R=V,A

Tr

(
∇λRλµ∇νRνµ − 1

2
M2

V RµνRµν

)
+

i

2
√

2
GV Tr (V µν [uµ, uν ]) +

FV

2
√

2
Tr
[
V µν

(
uWµνu† + u†Bµνu

)]
+

FA

2
√

2
Tr
[
Aµν

(
uWµνu† − u†Bµνu

)]
(1)
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where the covariant derivate ∇µ acting on the Vµν and Aµν antisymmetric spin

one tensor fields is defined as:

∇µR = ∂µR + [Γµ, R] , Rµν =
1√
2
τaRa

µν , R = V, A

Γµ =
1

2

[
u†

(
∂µ − iB̂µ

)
u + u

(
∂µ − iŴµ

)
u†

]
, u = ei π

2v , π = πaτa

uµ = u†

µ = iu†DµUu† = iu†

(
∂µU − iB̂µU + iUŴµ

)
u†, U = u2

being Ŵµ = g
2τaW a

µ , B̂µ = g′

2 τ3Bµ and Γµ the connection which contains

Goldstone bosons and the Standard Model Gauge fields and U an exponential

representation of SU (2) which incorporates the pions field. In the previous chi-

ral effective Lagrangian, the Goldstone bosons are incorporated into non linear

representations SUL (2)×U (1)Y symmetry group such that the mentioned La-

grangian has an SUL (2)× U (1)Y invariance. In the unitary gauge U = 1, the

Lagrangian for the Goldstone bosons reduces to the mass terms for the gauge

bosons. In the limit where the coupling g′ is neglected, the Lagrangian given

in (1) has the custodial symmetry and the mass of the W and Z bosons are

equal, which implies that the ρ parameter at tree level is equal to one. The

pions transforms like a triplet under the custodial symmetry group SU (2)L+R,

which plays the role of the isospin group when low energy pions interactions

are considered.

3 Heavy vector pair production at LHC by gauge boson fusion.

The Figures 1a (left) and 1b (right) show the total cross sections at LHC com-

puted by using VBA (Vector Boson Approximation) for all the processes of

longitudinal vector production and vector production by longitudinal gauge

boson fusion at
√

s = 14TeV and GV = 200GeV . The leading-order parton

distribution functions CTEQ5M for quarks have been used. One has that the

transverse and the interference between the transverse and longitudinal polar-

izations states of the vectors V ’ leads to total cross sections for the processes

pp → GLG′

Lqq → V V ′qq with G, G′ = W, Z much bigger than the correspond-

ing to the processes pp → GLG′

Lqq → VLV ′

Lqq, respectively. It can be seen

that the most important longitudinal vector and vector production processes

are pp → W+
L W+

L qq → V +
L V +

L qq and pp → W+
L ZLqq → V +V 0qq, respectively.
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Figure 1: a) Total cross sections at LHC for the processes of longitudinal vector

production by longitudinal vector boson fusion b) Total cross sections at LHC

for the processes of vector production by longitudinal vector boson fusion.
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Figure 2: Total cross sections at LHC for V ±V 0 and V +V − vector production

processes by Drell Yan annihilation.

We have checked that the contribution of intermediate transverse gauge bosons

is negligible.

4 Total cross section at LHC for the V ±V 0 and V +V − production
through Drell Yan annihilation.

The Figure 2 shows the total cross sections at LHC for the V ±V 0 and V +V −

production through Drell Yan annihilation in proton proton collisions through

the processes pp → qq → V ±V 0 and pp → qq → V +V − in terms of the mass

MV of the vector for
√

s = 14TeV (LHC center of mass energy). The leading-
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order parton distribution functions CTEQ5M for quarks have been used. It

can be seen that the most important V V production process in proton-proton

collisions is through the Drell Yan annihilation with pairs of positive charged

V + and neutral V 0 in the final state. For the lightest vector of mass MV =

500GeV , the total cross section at LHC for the V + and V 0 production through

Drell Yan mechanism is 8.34fb and for the very heavy vector of mass MV =

1TeV , this total cross section is strongly supressed and has the value of 0.19fb.

The second most relevant production process of pairs of V ’s through Drell

Yan mechanism is in a pair of positive charged V + and a negative charged

V −, whose total cross section at LHC takes the values of 6.22fb and 0.13fb

for MV = 500GeV and MV = 1TeV , respectively. We notice that the total

cross sections at LHC for vector production by gauge boson fusion and Drell

Yan annihilation are numerically comparable. This results from a combination

of the different partonic luminosities (qq versus GG) and of the different high

energy behaviour of the partonic cross sections, of which only GG → V V grows

with the center of mass energy.

5 Cross section for the V +V − production in e+e− collisions.

The Figure 3 shows the cross section for the V +V − production in e+e− colli-

sions at
√

s = 3TeV. It can be seen that the most important V +V − production

process is through e+e− collisions, since the cross section has the value of

107.24fb for the lightest vector of mass MV = 500GeV . For a very heavy vec-

tor of mass MV = 1TeV , the cross section for the V +V − production in e+e−

collisions takes the value of 18.61fb.

6 Conclusions

If heavy vectors exist with a mass in the 500 − 1000 GeV range, they will

most likely be discovered at LHC in single production or in association with

one standard gauge boson 1). To understand the underlying physics, this will

most likely not be enough. For this reason we have studied the pair production

at LHC, which is in the few fb range, depending on the specific process. The

transverse polarization states and the interference between longitudinal and

transverse polarization states of V give a significant contribution to the total

cross sections for vector production processes. It is found that total cross
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Figure 3: Total cross sections for the V +V − production in e+e− collisions

sections at LHC for vector production and Drell Yan annihilation have similar

values and that the most relevant vector production processes corresponds to

a pair of positive charged and neutral vectors in the final state. It is also

important to mention that charged vector production process in e+e− collisions

is very promising. Further detailed studies will have to be made to assess the

detectability of these processes above the Standard Model backgrounds.
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Abstract

We study the LHC phenomenology of two mass-degenerate heavy gauge bosons
with the quantum numbers of the Z and γ. We give a leading-order estimate
of the number of events expected in Drell-Yan processes in terms of the model
and machine parameters. We consider the feasibility of measuring a forward-
backward asymmetry for various choices of the parameters and estimate the
reach. We comment on how the results may affect future collider design.

1 Introduction

The main purpose of the LHC is to discover the origin of electro-weak (EW)

symmetry breaking and what new physics lies at the TeV scale.

One clean signal for the LHC would be the discovery of new, higher-mass

copies of the standard-model (SM) gauge fields. For such a scenario, the LHC
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reach in observable masses and couplings is of interest. Motivations for this

study include weakly coupled SM extensions with new heavy vector fields 1),

little Higgs models 2) and technicolor (TC) 3).

In this paper, we consider the scenario in which a complete set of four spin-

1 copies of the SM gauge bosons with heavy degenerate masses are produced

in pp collisions and detected via the decay into muons. The muon channel is

expected to have a low background at the LHC. For simplicity, we model the

decay width of these particles by assuming it to be dominated by the decay into

SM fermions, hence avoiding complications (and model-dependencies) arising

when including the decay into light scalars and gauge bosons.

In the SM, a forward-backward asymmetry arises from interference terms

between virtual processes with the exchange of Z and γ, and it is a very sizable

effect even in the TeV energy range. Measuring such an effect at a hadron

collider is onerous but a method and its use at the LHC was surveyed by

Dittmar 4). Measuring an asymmetry at a new neutral pole would indicate it

is made of two different exchange particles.

2 Model Phenomenology

We model the new neutral resonances by adding an extra set of SU(2)×U(1)

gauge fields into the SM electro-weak Lagrangian. We assume that some mech-

anism spontaneously breaks the SU(2)2 × U(1)2 gauge symmetry to the SM

SU(2)L × U(1)Y above the TeV scale, and that in the process a copy of the

W , Z and γ all aquire a similar mass m. We also assume that the couplings

of the heavy gauge bosons to the SM currents can be written as RgSM , where

gSM stands for the coupling of the W , Z and γ. The common mass, m, and

the coupling ratio R are the only parameters.

In this scenario one can compute the Drell-Yan event rate, N , with a

PDF package and indeed, it can be approximated by 5),

N ∝ sLR

m4
, (1)

up to a proportionality constant that contains the electro-weak couplings and

the normalization of the PDF distribution. For this study we used the Fermi02

set 6) & 7).

Discovery of the new resonance depends on some value of the ratio N/L

of the event number N and the machine luminosity L. The approximate event
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rate can be solved for R given m at various machine energies and luminosities

producing Figs. 1(a) and 1(b). These two plots show how improving the energy

of a hadron collider compared to increasing the luminosity affects the search.

Take the N/L = 3 fb curve. If one were to triple the luminosity of the

machine that would imply moving to the next curve on the right. However if

one were to improve the machine energy from 10 TeV to 24 TeV that would

mean moving from Fig. 1(a) to Fig. 1(b). By improving the luminosity by a

factor of 20, one may move from a reach in masses below 2.2 TeV to roughly

3.3 TeV at a 10 TeV machine. Whilst improving the collision energy takes the

reach to well above 4.0 TeV, even at low luminosity.
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Figure 1: The minimal coupling R for various choices of the event number N
divided by the luminosity L for two machine energies. From the left, N/L =
5, 3, 1, 1/2, 1/4 fb.

2.1 Forward-Backward Asymmetry

Consider the angular distribution of 3/8(1+cos2 θ)+AFB cos θ as a probability

distribution function. This distribution has a mean defined as

〈θ̂〉 =

∫
θ̂g(θ̂) sin θ̂dθ̂ =

π

4
(2 − AFB) , (2)

while

σ2
p ≡

∫ (
θ̂2 − 〈θ̂〉2

)
g(θ̂) sin θ̂dθ̂ . (3)
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Interestingly, AFB turns out to be just proportional to 〈θ̂〉. Hence we can

estimate the statistical error on the extraction of the symmetry as

∆Astat
FB =

4σp

π
√

n − 1
, (4)

where n is the number of events used to study the angular distribution.

Secondly there is an error introduced by the methodology (see 4)). The

assumption that the initial quark direction be always the one of the outcoming

γ′ or Z ′, implies a possible misidentification θ̂ ↔ π − θ̂. Let the probability of

mis-identification be p, then in a sample of n events np are mis-identified. Let

nF (nB) events travel in the forward (backward) direction. Then n = nF +nB.

The worst case scenario would be that all np events were placed in nF but

should have been placed in nB. In this case the difference in true and measured

asymmetry would be,

∆Asys
FB = ±2p (5)

This means that adding the method and statistical errors together the total

error wil be,

∆AFB =
4σp

π
√

n − 1
+ 2p(Yc), (6)

where the dependence of p on the cut Yc has been added for clarity. We

conservatively add the two sources of error linearly.

Now we can define P (Yc), the fraction of events with |Y | > Yc. Then, the

number of events used to extract the asymmetry is,

n = PN. (7)

Requiring that ∆AFB < E (for E > 2p) implies

n >

(
4σpop

π(E − 2p

)2

+ 1 (8)

or equivalently,

N >
1

P

[(
4σpop

π(E − 2p

)2

+ 1

]
(9)

total events.

For the model considered, the asymmetry is AFB � −0.42 5). The asym-

metry with the SM particles and one new resnonance is very small. Therefore
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seeing an asymmetry at a collider would indicate that there are two particles

in the new neutral resonance.

To measure such an effect at a collider one would require an error E < 0.14

in order to conclude, at the 3σ level, an asymmetry is present. Consider the

case that all events happen to fall precisely at the rapidity cut Yc. Then the

probability p is calculable, yielding a conservative estimate: with real data

having |Y | > Yc in general the error probability will be smaller than this p.

The fraction P can also be computed.

From this we can then find the minimum number of events for a given

asymmetry at various masses. Then using the formula to convert between

events and parameter space derived earlier we can plot the results. The results

of this process are shown in Figs. 2(a) and 2(b).

Figure 2(a) shows that large increases in luminosity lead to modest gains

in reach, compared to the gain obtained by going to larger energies, as shown

in Fig. 2(b).
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Figure 2: Minimal coupling R, as a function of the mass m, required to observe

a 3σ AFB ∼ −0.42 at the resonance for L = 1, 10, 100 fb−1 at two different

energies of hadron collider

3 Conclusions

We performed a model-independent study of the Drell-Yan processes at the

LHC, assuming that two new gauge bosons with quantum numbers and cou-
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plings analogous to the photon and Z boson, but rescaled by a common factor

of R < 1, have masses so close to each other that their kinematic peaks are

indistinguishable.

For a 10 TeV collider, and luminosities in the 2− 40fb−1, bounds on new

resonances no higher than 3 TeV can be obtained. With a 24 TeV collider the

region well over 4 TeV can be explored, depending on the specific coupling R.

As for the forward-backward asymmetry, we provided a simple estimate

formula that ignored experimental issues. The collider ability to measure an

asymmetry at the 3σ level is heavily restricted to light masses. Even at very

high luminosities measuring the asymmetry for masses of 3 TeV is out of reach

for a 14 TeV collider, even in principle. By contrast, at a 24 TeV machine

the reach is far larger. This is as a result of the PDF scaling offering a larger

fraction of high rapidity events with higher energy. At such a machine it may be

possible to measure asymmetries and greatly restrict currently open parameter

spaces.
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Abstract

A data sample of 535 million BB̄ meson pairs collected in the Belle experiment
at the KEKB e+e- collider has been used to study properties of the ηc and
its excited state ηc(2S) mesons produced in B decay to K and charmonium.
We use the decay of charmonium to KSKπ to study the effects of interference
between signal events and events of the B decay into the same final state
without intermediate charmonium. Taking this interference into account we
obtain masses, widths, and decay branching fractions of the ηc and ηc(2S)
mesons. The results agree with the world average values and for the first time
the intereference effects are taken into account.

1 Introduction

The decay B± → K±cc̄ is a copious source of charmonia. The ηc branching

fractions were measured with poor accuracy and can be improved. The ηc(2S)
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meson was seen in one hadronic decay only (ηc(2S) → KSK±π∓) and requires

some additional study. It can be easily done using the analysis algorithm similar

to the one for ηc. The following decays of B mesons were studied:

B± → K±ηc → K±KSK±π∓, (1)

B± → K±ηc(2S) → K±KSK±π∓. (2)

The analysis was performed using the Belle detector 1). Considered statis-

tics is rather high – 492 fb−1 and gives an opportunity to determine masses

and widths of ηc and ηc(2S) mesons.

2 Event selection

A data sample of 492 fb−1 (535 million BB̄ events) collected at the Υ(4S)

resonance is used in this analysis. In this analysis K candidates decay via the

π+π− mode.

Charged tracks are selected with requirements based on the average hit

residuals and impact parameters relative to the interaction point. We require

that the polar angle of each track be in the angular range of 18◦ − 152◦ and

that the track transverse momentum be greater than 100 MeV/c.

Charged kaon candidates are identified by the requirement R(K) > 0.6,

which has an efficiency of 90% and a pion misidentification probability of ap-

proximately (3 − 10)%. For pion candidates we require R(π) > 0.2.

B meson candidates are identified by their center-of-mass (c.m.) energy

difference ∆E = (
∑

i Ei) − Eb, and the beam-constrained mass

Mbc =
√

E2
b − (

∑
i �pi)2, where Eb =

√
s/2 is the beam energy in the Υ(4S)

c.m. frame, and �pi and Ei are the c.m. three-momenta and energies, respectively

of the B meson candidate decay products.

To suppress the large continuum background (e+e− → qq̄, where q =

u, d, s, c), topological variables are used. Since the produced B mesons are al-

most at rest in the c.m. frame, the signal event shapes tend to be isotropic

while continuum qq̄ events tend to have a two-jet structure. We use the an-

gle between the thrust axis of the B candidate and that of the rest of the

event (Θthrust) to discriminate between these two cases. The distribution of

| cosΘthrust| is strongly peaked near | cosΘthrust| = 1 for qq̄ events and is nearly

flat for Υ(4S) → BB̄ events. We require | cosΘthrust| < 0.8.
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Data sample can contain events of decays which have the same final state

as the studied one but their intermediate states differ from the required ones.

We call these events non-resonant component. This component can interfere

with the signal. To discover unwanted intermediate states we check the con-

sistency of invariant mass combinations with different meson mass values. If

some combination forms such narrow resonances as D, DS , and ϕ mesons, the

interference is negligible and such event can be excluded from the analysis.

From data sample corresponding to one event one can find several com-

binations, which satisfy the selection criteria. Since each event contains not

more than one real B meson, which decays in the required way, getting several

candidates in one event points to the fact that one of them is reconstructed

incorrectly. In that case the B candidate is chosen taking into account val-

ues of such parameters as invariant masses of reconstructed particles, vertex

coordinate, etc.

3 Interference study

In the decay B → K±KSKπ there are 4 particles in the final state which

gives 4× 3 measured parameters. Taking into account 4 constraints of energy-

momentum conservation and integrating over 3 angles of B decay (it is a pseu-

doscalar and there should be no dependence on these angles) we have 5 inde-

pendent variables to describe the process amplitude. We chose the following

parameters: KSKπ invariant mass, two Dalitz variables of ηc(ηc(2S)) decay

q2
1 and q2

2 (for example, M2
Kπ and M2

KSπ), angle between KS and K from B

decay in the rest frame of KKSπ system (θ), and angle between the planes of

K − π and K − KS in the same system (φ). Due to low statistics we don’t

use angle φ or Dalitz plot to extract non-resonant contribution. For our study

we use M(KSKπ) and cosθ distributions. In the signal region invariant mass

distribution has four peaks at the masses of charmonium states ηc, J/ψ, χc1,

and ηc(2S) (in order of mass increase) – see Fig. 1. In case of non-resonant

component this distribution is described by a smooth function. Another vari-

able which can be used for the amplitudes separation is cos θ. Since ηc and

ηc(2S) are pseudoscalars (JP = 0−) we expect uniform distribution over cos θ.

In Fig. 2(a,b) the distribution for θ angle are presented for M(ηc) signal and

sideband regions. One can see that the sideband distribution has contributions

of higher (P and D) angular waves.
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Figure 1: Red histogram shows signal distribution of invariant mass (KSK±π∓)
in the decay B± → K±KSK±π∓. Black histogram demonstrates combinatorial
background
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Figure 2: Distribution over angle θ (a) for the ηc signal region; (b) for the ηc

sideband region

Thus we perform a 2-D fit of mKKSπ–cos θ assuming that the non-resonant

signal amplitude is constant within the mass ranges (2.5 – 3.46) and (3.14 –

4.06) GeV1. The fitting function can be presented as a squared module of the

1We exclude J/ψ region (3.07 – 3.13 GeV) from the fit because the inter-

64



sum of the signal and non-resonant amplitudes integrated over all variables

except MKSKπ and cos θ:

F (s, x) =

∫ ∫ ∫ ∫ x+ δ
2

x− δ
2

∫ s+ ∆
2

s−∆
2

(1 + ε1x
′ + ε2x

′2)∣∣∣∣∣
( √

N

s′ − M2 + iMΓ
Aη(q2

1 , q
2
2) + αAS(q2

1 , q2
2)

)
S(x′) +

βAP (q2
1 , q

2
2)P (x′) + γAD(q2

1 , q2
2)D(x′)

∣∣∣∣∣
2

ds′dx′dq2
1dq2

2dφ, (3)

• x = cos(θ), s = M(KSKπ)2;

• ε1 and ε2 – constants which characterise efficiency dependence on x and

are determined from MC;

• Aη – signal S-wave amplitude, AS,P,D - background S-, P-, and D-wave

amplitudes respectively2.

Fit projections are shown in Fig. 3.

4 Results and discussion

All the studied sources of systematics uncertainties for branching products and

charmonium masses and widths are listed in 2). In most of the cases the error

coming from the bin size variation is dominant.

Model error comes from the uncertainty of the interference between signal

and non-resonant contribution.

As a result for the ηc decay we get the number of signal events N =

840±50(stat)±180(model). One can compare it to the result in the assumption

of no interference 2): N = 790 ± 40(stat).

For the branching product we get B(B± → K±ηc) × B(ηc → KSK±π∓) =

(20.5 ± 1.2(stat)+1.4
−2.2(syst) ± 4.4(model)) × 10−6.

ference term of J/ψ and non-resonant signals is negligible due to the small
width of the former and it does not help in determination of the interference
contribution with ηc. The same arguments refer to the exclusion of χc1 region
(3.48 – 3.54 GeV).

2Other variables are described in 2).
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Figure 3: Projections of the fits of the distributions over KSKπ invariant mass
in ηc and ηc(2S) mass regions

Parameters of the ηc meson:

M = (2984.2± 1.2(stat)+0
−1.8(syst) ± 0.2(model)) MeV;

Γ = (30.7 ± 2.3(stat)+0.4
−1.2(syst) ± 0.4(model)) MeV.

Similarly, for the ηc(2S) decay we obtain N = 102±26(stat)±38(model).

In the assumption of no interference the number of events is N = 130±30(stat).

The branching product is B(B± → K±ηc(2S)) × B(ηc(2S) → KSK±π∓) =

(2.2 ± 0.6(stat)+0.6
−0.1(syst) ± 0.8(model)) × 10−6.

Parameters of the ηc(2S) meson:

M = (3638.2± 2.3(stat)+1.3
−2.4(syst) ± 0.8(model)) MeV;

Γ = (6.0+13.3
−1.4 (stat)+8.1

−0.8(syst) ± 2.5(model)) MeV.
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Abstract

This proceeding explores the improvement of the measurement of the branching
fraction of B → π0π0 , and how it is possible to tighten the bound on the angle
φ2, a parameter that describes CP violation within the Standard Model.

1 CP Violation

The weak eigenstate of a quark is not its mass eigenstate, but the relationship

between the two can be expressed using the 3x3 Cabibbo-Kobayashi-Maskawa

(CKM) matrix. This matrix is unitary and contains a complex phase that can

accomodate CP violation within the Standard Model (SM).
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⎛⎝ d
s
b

⎞⎠ =

⎛⎝ Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞⎠⎛⎝ d′

s′

b′

⎞⎠ (1)

Equation 1 shows the CKM matrix with primed values representing the

mass eigenstates, and unprimed representing the weak eigenstates. The rela-

tionship between entries the elements of the matrix can be represented graph-

ically as a triangle on the complex plane, with angles representing the relative

phases between matrix elements. By finding the magnitudes of the sides and

the angles of this triangle, we can test the predictions of the SM, and perhaps

uncover new physics. The angle φ2, or α, is defined to be arg
[
−VudV ∗

ub

VtdV ∗

tb

]
, and

can be studied using neutral B decays.

B0 mesons are not formed by a single CP eigenstate. They are a combi-

nation of CP-odd and CP-even eigenstates. B0 and B̄0 can decay to a given

eigenstate f , either directly or through mixing. Over time the mixing prob-

ability changes causing the decay amplitude to change. The time dependant

decay rate of B0 meson to a fianl state f is given by

Γ(B0(t) → f) = e−Γ|t|[(|Af |2 + |Āf |2) − (|Af |2 − |Āf |2) (2)

cos(∆mt) + 2|Af |2Im(λf )sin(∆mt)]

where Af and Āf are the respective amplitudes of B0 → f and B̄0 → f ,

and λf is the mixing parameter, e−ΦM
Af

Āf
where ΦM is the mixing angle between

B0 and B̄0 1). Once the time dependant decay rates have been measured, the

CP asymmetry is calculated as a = Γ(B0
→f)−Γ(B̄0→f)

Γ(B0→f)+Γ(B̄0→f)
.

2 Measuring B → π+π−

All B → ππ decays proceed through the b̄ → ūud̄ quark subprocess. B0 →
π+π− can proceed via the tree-level process shown in figure 1, with a branching

fraction proportional to |V ∗2
ub V 2

ud|. This leads to the asymmetry
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a =
1

1 + |λ+−|2 [(1 − |λ+−|2)cos(∆mt) − 2Imλ+−sin(∆mt)] (3)

with sin term Imλ+− = Im(e−ΦM
A+−

Ā+−

= sinφ2)
1).

Figure 1: B → π+π− proceeding through a tree process

However, there is a second diagram through which a B0 can decay into

π+π−. This is the penguin process shown in figure 2, and in this case is

expected to be comparable in magnitude to the tree process. The result is that

the asymmetry does not measure sinφ2, but instead measures sin(φ2 + κ).

Figure 2: B → π+π− proceeding through a penguin process

3 An Isospin Analysis

In order to extract information from this measurment it is vital to subtract the

penguin component of the decay amplitude. This can be achieved through the

measurement from the complete B0 → ππ system, and subjecting this to an

isospin analysis.

To begin, the ππ system is described by φ(ππ) =| I, I3〉 with I being the

isospin of the state, and I3 is its z-projection of that isospin. The different final

states are found using the Clebsh-Gordon coefficients as below
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Table 1: Relative amplitudes of B → ππ.

A(B+ → π+π0) =
√

3
2 A 3

2
,2

1
√

2
A(B0 → π+π−) = 1

√
12

A 3
2
,2 − 1

√
6
A 1

2
,0

A(B0 → π0π0) = 1
√

3
A 3

2
,2 − 1

√
6
A 1

2
,0

φ(π0π0) = | 1, 0〉 | 1, 0〉 =
√

2
3 | 2, 0〉 −

√
1
2 | 0, 0, 〉 (4)

φ(π0π+) = | 1, 0〉 | 1, +1〉 =| 2, +1〉
φ(π+π−) = | 1, +1〉 | 1,−1〉 =

√
1
3 | 2, 0〉 +

√
2
3 | 0, 0, 〉

At the quark level we have φ(B → ūud̄) = A 3
2
| 3

2 , + 1
2 〉 + A 1

2
| 1

2 , + 1
2 〉.

The amplitudes of the isospin 3
2 and 1

2 components, A 3
2

and A 1
2
, are the

unknowns to be extracted. Finally, the initial state is φ(B0) =| 1
2 ,− 1

2 〉. If we

apply the transition to the initial state we find

φ(b̄ → ūud̄)φ(B0) = A 3
2
| 3

2
, +

1

2
〉 + A 1

2
| 1

2
, +

1

2
〉 | 1

2
,−1

2
〉 (5)

=

√
1

2
A 3

2
| 2, 0〉 +

√
1

2
(A 1

2
+ A 3

2
) | 1, 0〉+

√
12

A 1
2

| 0, 0〉

The π0pi0 final state is described in equation 6.

Br(B0 → π0π0) = (
√

2
3 〈2, 0 | −

√
1
2 〈0, 0, |)(

√
12
A 3

2

| 2, 0〉 (6)

+
√

1
2 (A 1

2
+ A 3

2
) | 1, 0〉 +

√
1
2A 1

2
| 0, 0〉)

=
√

1
3A 3

2
+
√

1
6A 1

2

This is done for all three final states, the results of which are found in

table 1. For convenience two new constants are defined so that A0 =
√

1
6 and

A2 =
√

1
12 . Theses amplitudes relate to ∆I = 0 and ∆I = 2 respectively, and

simplify the above relations to those of equation 7.
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These relations can be used to form a triangle with Θ, as seen in fig-

ure 3, the angle between A0 and A2. In order to further constrain the sys-

tem, it’s observed that the penguin process can only proceed through the A0

modes. It is a strong process, and requires isospin to be conserved. From

this it can be deduced that A2 components are purely tree processes, hence

Ā2 = e−2iΦT A2 where ΦT is the CKM phase in the tree diagram, such that

| ¯A0+| = |A0−| = |A0+|. This tells us that the triangle with lengths equal to

the conjugate processes will share a common base with the first, non-conjugate

triangle. While the magnitude of both Θ and Θ̄, and hence cos(Θ) are deter-

minable, the orientation of either triangle, that is to say sin(Θ) and the sign

of Θ, are not.

A00 = 2A2 + A0 A0+ = 3A2

√
1

2
A+− = A2 − A0 (7)

Figure 3: The relation between A0, A2, Ā0, and Ā2

λ+−, the mixing parameter for B0 → π+π−, is λ+− = e−2iφM
¯A+−

A+−

. Using

the relations above, and allowing z = A0

A2
it can be shown that 2)

λ+− = e−2iΦM
Ā2 − Ā0

A2 − A0
= e−2i(ΦM+ΦT ) 1 − z̄

1 − z
= e−2iφ2

1 − |z̄|e±iΘ̄

1 − |z|e±iΘ
(8)

The ±Θ term is the result of the ambiguity discussed above. The same

process applied to B0 → π0π0 yields λ00 = e−2iφ2
1− 1

2
|z̄|e±iΘ̄

1− 1
2
|z|e±iΘ . The angle φ2 is

related to Θ in the following way
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sin(2φ2 + κ00) = Im(λ00)|
1 − 1

2 |z|e±2iΘ

1 − 1
2 |z̄|e±2iΘ̄

| (9)

sin(2φ2 + κ+−) = Im(λ+−)|1 − |z|e±2iΘ

1 − |z̄|e±2iΘ̄
| (10)

where κ is the penguin pollution in each process. Each of equations 9

and 10 have four solutions for φ2. The solutions that overlap between the two

equations determine φ2 if individual measurements of A00, Ā00, A+−, and ¯A+−

are availible, However, this can be experimentally difficult, as it’s difficult to

distinguish B0 → π0π0 from B̄0 → π0π0. In the case that this is not possible,

or if there is overlap between 2 values of φ2 from the two decay channels, there

will be an element of ambiguity left in the measurment of φ2.

Instead, it is possible to find an upper bound on on the size of the penguin

polution, κ. In this case the diagram in figure 3 is redrawn to assume maximise

the contributions of Θ and Θ̄. This occurs when A00 = Ā00,
3) and so Θ̄ = Θ.

When this constraint is applied, sin2(κ00) ≤ A00+Ā00

A0−+A0+
.

4 Conclusion

The measurements of B0 → π0π0 and B̄0 → π0π0 are vital for an improve the

measurement of φ2. However, an improving the measurment of the combined

amplitude of B0B̄0 → π0π0 will still lead to an improved upper bound on the

penguin pollution.
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Abstract

The neutrino mass scale is a relevant parameter of the theoretical framework
beyond the Standard Model of particle physics, and therefore a crucial challenge
of future experimental efforts. In this paper I will make an overview of the
proposals for the direct searches of the absolute neutrino mass by means of
187Re single β decay and 163Ho electron-capture decay. The sensitivity, needed
to constrain mν , is achieved thanks to the high responsivity of superconducting
microcalorimeters and their low intrinsic noise.

1 Introduction

In the Standard Model framework neutrino mass scale represent an open

problem whose solution could provide crucial informations in Cosmology,

Particle and Astroparticle Physics. Because neutrino are massive, single β
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decay and neutrinoless double-β-decay could set the absolute scale and nature,

Dirac or Majorana.

Presently, the lower limits on electron neutrino mass (2.2 eV) have come from

tritium β-decay experiments. The aim of these experiments is the analysis of

the events near the endpoint energy, where the spectral shape is affected by

the modifications of the phase-space factor induced by a finite neutrino mass.

Calorimetric techniques have been developed in the past few years with the

aim to achieve higher sensitivity and lower systematics than in well-established

β-impulse spectroscopy.

2 Calorimetric measurement of 187Re single β decay and 163Ho
electron-capture decay

The measurement of the neutrino mass via single β and electron capture (EC)

decays is done by searching the deficit at the end-point of energy spectrum.

The deficit amplitude in both cases scales as the third power of the neutrino

mass. The required high sensitivity in the 0.1 eV/c2 region makes 187Re and
163Ho decays favourite candidates for calorimetric spectroscopy, due to their

low endpoints: 2.5 keV for 187Re, and 2.5 ÷ 2.8 keV for 163Ho.

2.1 187Re single β decay

Natural metallic rhenium is composed by 187Re for its 63%. 187Re decays

in 187Os, and the whole energy released can be measured detecting the

temperature rise following the absorption of the emitted electron by the

rhenium crystal itself cooled at 0.1 K 1).

This is the principle of operation of the calorimetric spectroscopy for rhenium β

decay, that offers several advantages. The decay energy spectrum can directly

be measured, without model dependent corrections for atomic and molecular

final states. Nuclear recoil energy and electron energy losses don’t affect the

spectrum shape. Unfortunately rhenium decay is first forbidden unique: the
187Re half life is 4.5 × 1010 years, thereby the specific count rate is very low.

The expected activity of 1 mg is 1 Bq.
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2.2 163Ho electron-capture decay

Holmium EC decay is a promising alternative tool respect to the study of

rhenium 2). The first advantage is the holmium half life: 4.5 × 103 years.

The EC energy spectrum has a shape for finite mν very similar to the rhenium

decay at the endpoint, but the half life seven order shorter can significantly

improve the statistics. Moreover the EC spectrum presents lines corresponding

to the inner orbitals M and N involved in the process, consequently the source

can be even employed for self calibration of the microcalorimeter, monitoring

its linearity during the measurements.

Despite all, the study of 163Ho require a technological effort in assembling the

source. 163Ho in metallic state must be produced in laboratories and embedded

into an adequate absorber. The modern techniques of producing beams of

heavy ions allow to obtain 163Ho by fragmentation or spallation of atoms in

a target hit by protons, as in the ISOLDE facility at the CERN laboratories.

The beam of resulting products could implant 163Ho in a layer less than 1 µm

thick. Much care must be taken for the purification process from isobars, which

could contaminate the source with excess radioactivity.

3 The superconducting microcalorimeters

In the last two decades thermal detectors have developed reaching the highest

sensitivity available at keV energies. Here we consider a specific kind of

detectors, the transition edge sensor (TES) microcalorimeters. These cryogenic

detectors have been employed to study electromagnetic radiation from X-rays

to the far infrared in many different physics domains, reporting an energy

resolution up to two order of magnitude better than most performing solid

state detectors off the shelf.

In first approximation we can describe the microcalorimeter in three

fundamentals elements: an absorber of heat capacity C strongly thermally

coupled to a sensor, the sensor itself and a weak thermal link of conductance G

coupled to an heat sink. At each radiation absorption the detector response is

a temperature transient ∆T = ER/C, where ER is the energy absorbed. The

initial temperature is restored fastly by the help of the electrothermal feedback

(ETF) with a time scale τ = C/(G − GETF ).

To take the advantage of fast pulses produced by ETF, TES are made of
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a superconducting thin film biased with a constant voltage and it is cooled

at a working temperature corresponding to an electrical resistance of a few

percents of the normal value. The whole sensitivity of these detectors is

related to the steepness of the phase transition. If the film is patterned

and has an inner structure with low impurities, the transition width can be

as narrow as 0.3 mK, giving very high temperature responsivity. Thermal

fluctuations due to Brownian motion of phonons in the film represent the

intrinsic energy resolution of the TES. Their root mean square amplitude can be

estimated as ∆Urms =
√

kBT 2C. The resulting achievable energy resolution is

∆EFWHM = ζ
√

kBT 2C, that in a typical case is less than 1 eV. The parameter

ζ contains the dependence from the ETF, G and the steepness of the transition.

For further details on TES thermal and electrical models see ref. 3).

In the Genoa Laboratories we produce TES of thin Ir/Au bilayers, with Al

electrical contacts. Iridium films are grown on a SixNy membrane by pulsed

laser deposition. Gold is evaporated by electron gun on an Ir sticking layer

a few angstroms thick, which provide strong film adhesion to the substrate.

Finally the Ir film is deposited on the top of the gold layer. The Ir/Au bilayer

is fabricated in ultra high vacuum chambers connected between them. Typical

thicknesses are from 50 to 100 nm for Ir films, and 20 to 50 nm for Au layers.

Thin films patterning is performed by microlithography in a clean room and

dc sputtering. Typical final geometry of the TES is a rectangular shape of

100 × 120 µm2. The characterization measurements of our films have shown

transition temperatures between 100 and 120 mK at constant currents between

50 nA and 1 µA. The transition width is of fractions of millikelvin and normal

state resistance is of some tenths of Ohm.

The absorber preparation consist of two different processes for rhenium and

holmium. In the first case a pure Re crystal of cubic shape is cut and optically

lapped in order to obtain an homogeneous superconductivity state at the

working temperature. Re become superconductive at 1.7 K and according

to the BCS theory its thermal capacitance is strongly suppressed in the

superconducting state; thereby single crystal fabrication is a crucial phase of

the calorimeter fabrication, being the Re the bigger contribute to the total

sensor capacitance and consequently its energy resolution. The crystal is then

fixed on the TES with epoxy glue.

Holmium absorber must be composed of two parts: a superconducting absorber
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layer (i.e. Bi, Sn) where the Ho atoms are implanted, and a thicker layer

covering the implanted area for the absorption of the secondary products of

EC decay (emission of X-rays and Auger electrons, Coster-Kronig transitions).

For a full absorption of the whole decay energy and for stopping efficiently the

implantation beam the absorber should be a few microns thick. In figure 1 we

describe the rhenium and holmium microcalorimeters.

Figure 1: Scheme of the two microcalorimeters; the second one has an

absorber grown on the sensor with an inner layer containing atoms of 163Ho
homogeneously implanted.

4 SQUID amplifier for TES arrays

The sensitivity that we foresees to achieve is 0.1 ÷ 0.3 eV/c2 with a statistics

of 1012 ÷ 1014. The energy resolution of one microcalorimeter with 1 mg of Re

at keV energies can be of few eV, but the quest of such high statistics makes

necessary to fabricate arrays of several elements in order to have 5 years data

taking. The purpose of the MARE collaboration (Microcalorimeters Array for

Rhenium Experiments) is to assemble arrays for a total of 50000 detectors, and

a final sensitivity of 0.2 eV. Being TES low impedance devices, the readout

should be a frequency multiplexed SQUID amplifier 4). A simple example of

the cryogenic stage of the readout is reported in the figure 2. The scheme is

composed by a set of resonating circuits associated to each TES. Each sensor

is biased at different frequencies. the signals of a row of TES are summed in

a single channel and can be read by a single SQUID. By this way a row can

contain tens of detectors.
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Figure 2: The readout circuit is composed by a room temperature stage and

another one cooled at the working temperature, typically below 0.1 mK.

5 Conclusions

A calorimetric measurements of the neutrino mass with a sensitivity of 0.2 eV

should be possible, thanks to the high sensitivity of TES microcalorimetry. A

prototype of cryogenic electronics is under study in our laboratories and we

foresee to test a first array of Re microcalorimeters in the next runs.
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Abstract

Cosmic rays are hampered by the Moon, therefore a deficit of cosmic rays
in its direction is expected (the so-called Moon shadow). The Earth-Moon
system acts as a magnetic spectrometer and the paths of primary protons and
antiprotons are deflected in an opposite sense in their way to the Earth. This
effect allows, in principle, the search of antiparticles in the opposite direction
of the observed Moon shadow. Cosmic ray antiprotons provide an important
probe for the study of cosmic-ray propagation in the interstellar space and to
investigate the existence of Galactic dark matter.

With the data of the ARGO-YBJ experiment, an upper limit of the p̄/p
fluxes ratio in the few-TeV energy region is set to a few percent with a confi-
dence level of 90%.
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1 Introduction

The study of cosmic ray (CR) antiprotons might allow to investigate the bary-

onic asymmetry of the universe and to uncover evidence for the existence of

galactic dark matter. Altough recent measurements up to about 100 GeV 1, 2, 3)

are consistent with the conventional CR model, in which antiprotons are sec-

ondary particles yielded by the spallation of CR nuclei over the interstellar

medium, exotic models of primary p production not ruled out by low energy

measurements are available. Some scenarios provide a p/p ratio increasing up

to the 10% level in the few-TeV energy range 4).

Furthermore, cosmic ray antiprotons, as well as positrons, are considered

as prime targets for indirect detection of galactic dark matter 5). As an ex-

ample, some recent analyses suggest that the overall PAMELA 3, 6) p and e+

data and ATIC/PPB-BETS 7, 8) e+ + e− data can be reproduced taking into

account a heavy DM particle (M ≥10 TeV) that annihilates into W+W− or

hh 9). Also in this case, the p/p ratio reaches the 10−2 level in the TeV energy

region.

The geomagnetic field should deflect the antimatter component of the

cosmic rays in the opposite direction with respect to the matter one. Therefore,

the Moon or Sun shadows can be used as charge spectrometer to measure the

cosmic ray antiprotons abundance exploiting the separation of the proton and

antiproton shadows 10). Nonetheless, there is an optimal energy window for

the measurement of the antiprotons abundance. At high energy (≥ 10 TeV)

the magnetic deflection is too small compared to the angular resolution and

the shadows cannot be disentangled. At low energy (≈100 GeV) the well

separated shadows are washed out by the poor angular resolution, thus limiting

the sensitivity.

In this paper we report on the measurement of the p/p ratio in the few-

TeV energy region exploiting the observation of the galactic cosmic ray Moon

shadowing effect performed by the ARGO-YBJ experiment.

2 The ARGO-YBJ experiment

The ARGO-YBJ detector, located at the YangBaJing Cosmic Ray Laboratory

(Tibet, P.R. China, 4300 m a.s.l.), is the only experiment exploiting the full

coverage approach at very high altitude. The detector is constituted by a
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central carpet ∼74×78 m2, made of a single layer of Resistive Plate Chambers

(RPCs) with ∼92% of active area, enclosed by a partially instrumented guard

ring that extends the detector surface up to ∼100×110 m2, for a total active

surface of ∼6700 m2. The apparatus has a modular structure, described in 11).

The spatial coordinates and the time of any detected particle are used

to reconstruct the position of the shower core and the arrival direction of the

primary 12).

The ARGO-YBJ experiment started recording data with the whole cen-

tral carpet in June 2006. Since 2007 November the full detector is in stable

data taking (trigger particles multiplicity Ntrig =20) with a duty cycle ∼ 90%:

the trigger rate is about 3.6 kHz.

3 Monte Carlo Simulation

The air showers development in the atmosphere has been generated with the

CORSIKA v.6.500 code including the QGSJET-II.03 hadronic interaction model

for primary energy above 80 GeV and the FLUKA code for lower energies 13).

Cosmic ray spectra of p, He and CNO have been simulated in the energy range

from 30 GeV to 1 PeV following 14). About 3·1011 showers have been dis-

tributed in the zenith angle interval 0-60 degrees. The secondary particles

have been propagated down to a cut-off energy of 1 MeV. The experimen-

tal conditions have been reproduced via a GEANT3-based code. The shower

core positions have been randomly sampled in an energy-dependent area up to

103×103 m2, centered on the detector.

A detailed Monte Carlo simulation of cosmic rays propagation in the

Earth-Moon system has been developed to compare the observed displacement

of the shadow with the expectations, so disentangling the effect of the geomag-

netic field from a possible systematic pointing error.

4 Data analysis

For the analysis of the shadowing effect a 10◦× 10◦ sky map in celestial coordi-

nates with 0.1◦×0.1◦ bin size, centered on the Moon location, is filled with the

detected events. The background is evaluated with the so-called time swapping

method as described in 15).

To form conservative estimate of the p̄/p ratio in this preliminary work the
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Figure 1: a) Moon shadow observed by the ARGO-YBJ experiment. The color

scale gives the statistical significance. b) Upper (lower) panel: deficit counts

observed around the Moon projected along the North-South (East-West) axis

for N= 30-60 (black squares) compared to the MC simulation expectations.

analysis refers to about 6·108 events collected only during the stable operation

period of data taking after the following event selection: (1) particle multiplicity

on the central carpet N > 30, to avoid any threshold effect; (2) the zenith angle

of the event arrival direction should be less than 50◦; (3) the reconstructed

core position should be inside an area 250×250 m2 around the detector; (4) the

reduced χ2 of the final temporal fit should be less than 100. A significance map

of the Moon shadow is shown in Fig. 1(a). It contains all the events belonging to

the lowest multiplicity bin investigated (N = 30-60), collected by ARGO-YBJ

during the period December 2007 - December 2008 (1350 hours on-source).

The sensitivity of the observation is about 17 standard deviations and the

Moon is shifted westward by about 1◦. This means that a potential antiproton

signal is expected eastward within 1.5◦ from the actual Moon position. The

median energy of selected events is E50 ≈1.4 TeV (mode energy ∼ 0.30 TeV)

for proton-induced showers. The corresponding angular resolution is ∼1.8◦.

The projection along the North-South (East-West) direction of the deficit

counts around the Moon is shown in the upper (lower) panel of Fig. 1(b) for

N = 30-60, together with the MC expectations. The vertical axis reports the

events contained in an angular projection parallel to the North-South (East-
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Figure 2: a) ∆logL as a function of r (the (p̄) content) for N = 30-60. The

dashed line ∆logL = 0.5 is used to determine the 68.3% central confidence

level. b) The antiproton to proton flux ratio obtained with the ARGO-YBJ

experiment compared with all available measurements.

West) axis and centered to the observed Moon position. The width of this

band is ±3.3◦. Since at the Yangbajing latitude the effect of the geomagnetic

field along the North-South direction is negligible, a nearly symmetrical and

centered projection is expected.

5 Results and discussion

In order to evaluate the p̄/p ratio, a maximum likelihood fit of the experiment

data to the MC expectations has been performed using the p̄ content as a free

parameter. It has been done for two different multiplicity bins: N = 30-60

and N>60. From the MC simulation it results that the median energy of all

selected events is E50 = 1.85 TeV for N = 30-60 and E50 = 4.10 TeV for N>60.

The result is shown in Fig. 2(a) for N = 30-60 and one finds rmin =

Φ(p̄)/Φ(mat) = −0.065 ± 0.078, which is below a physical boundary (the p̄

content must be positive). An upper limit of 7.4% with 90% confidence level is

set for N = 30-60. For higher multiplicities (N>60) an upper limit of 7.4% is set

with 90% c.l.. By correcting for the protons abundance within the CR, these

limits correspond to a p̄/p ratios of 0.09 for N = 30-60 with 90% c.l. and 0.09

for N> 60 with 90% c.l., respectively. In Fig. 2(b) the ARGO-YBJ results are

shown with a compilation of the available measurements 16). The solid curve
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refers to a direct production model, the dashed line refers to a model of primary

p̄ production by antistars 4) and the dotted one refers to the contribution of

an heavy DM particle 9).

6 Conclusions

The ARGO-YBJ experiment is observing the Moon shadow with high statistical

significance. Using about 1 year data, a preliminary upper limit of the p̄/p flux

ratio is set to 0.09 with a confidence level of 90% at a median energy of 1.85

and 4.10 TeV.
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Abstract

Charged particles tracks and vertex reconstruction as well as offline-calibrations
in the drift chamber of the CMD-3 detector are described. Event reconstruction
algoritm was tested on simulation in the magnetic field. Spatial resolution
90÷120 µm in the drift plane and 1.5÷3 mm along wires were obtained in test
experiments without the magnetic field.

1 Introduction

The new electron-positron collider VEPP-2000 1) is being now under commis-

sioning at Budker Institute of Nuclear Physics. Using round beams technique

the collider will provide the luminosity up to 1032 cm−2s−1 at the maximum

∗On behalf of the CMD-3 Collaboration
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c.m. energy
√

s = 2 GeV. Main goals of experiments at the VEPP-2000 are

studies interaction of light quarks produced in e+e− collisions, test of exist-

ing theoretical and phenomenological models and provide precise information

for future models. It requires a detector with high efficiency for multypartice

events and good energy and angular resolutions for charged particles as well as

for photons.

Two modern detectors, a general purpose detector CMD-3 (Cryogenic

Magnetic Detector) and SND (Spherical Neutral Detector), will be installed in

the two interaction regions of the collider. The CMD-3 detector consists of a

cylindrical drift chamber and Z-chamber inside thin (0.18X0) superconductive

solenoid with the 1.35 T magnetic field, end-cap BGO calorimeter, barrel liquid

xenon and CsI calorimeters, TOF counters between LXe and CsI calorimeters

and cosmic veto counters. In more detail the CMD-3 detector is described

elsewhere 2).

2 Drift chamber

The drift chamber is a cylinder of 44 cm length and 60(4) cm outer(inner)

diameter. The sensitive volume of the drift chamber is filled by 1218 identi-

cal hexagonal drift cells. The cell side length is 9 mm. Each sense wire is

surrounded by 6 field wires. Charge division technique is used to measure co-

ordinate along sense wires which have 15 µm diameter and are made of gold

plated tungsten-rhenium alloy with resistance of 1 kΩ/m. Field wires have 100

µm diameter and are made of titanium. The drift chamber is filled with a 80:20

mixture of argon and isobutane. In more detail the drift chamber construction

is discussed elsewhere 3).

The digitized measurements of time and two charges from the ends of

sense wires are provided by T2Q boards that were produced at the Institute

workshop. Analog and digital parts of it are placed on one board. The board

is made in BigCAMAC standard and serves 16 sense wires.

3 Track reconstruction

Direct measurements of the magnetic field in the drift chamber volume have

shown good agreement with calculations. The maximum deviation of the z-

component of the magnetic field does not exceed 1% along the beam axis and

86



0.2% from the interaction point to the outer shell. Due to high uniformity of the

magnetic field the helix based track approximation is used in the reconstruction.

Five parameters essential for the helix description are shown in Fig. 1.

The track reconstruction chain consists of several stages. The first one

is a pattern recognition to select track candidates and to obtain the first ap-

proximation of the track parameters based on the histogramming method. We

assume the impact parameter is equal to zero and use the two-dimensional

histogramming method separately in the (k-ϕ) and (z-θ) planes.

x

y

1/k

ϕ

ϕ
ρ

(xc, yc)

(xi, yi)

r

zz0

θ

Figure 1: Track parameters: k is a curvature of the track; ϕ, θ are angles; z0 is

a coordinate of the track origin on the z axis and ρ is an impact parameter (the

shortest distance between the beam line and the track projection on the (x, y)
plane).

If number of cells associated to a track-candidate is more than five, such

candidate for a track is used in approximation. In the track fit we use the

least-squares method and obtain parameters of the track with the covariance

matrix. After the track fit we try to add nearby cells to the track.

When all tracks in the event were reconstructed we check quality of as-

sociated cells in the track. For right association cells to the track contribution

of each hit in the chi-square of each track is calculated. And for its own track
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hit must give the least contribution to chi-square. This algorithm allows us to

reconstruct high mulitplicity events with close tracks.
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Figure 2: Time residuals (triangles – before calibration, squares – after calibra-

tions).

4 Offline calibration

To reconstruct a coordinate in a cell we use time dependence t(r, ϕ) on the dis-

tance from wire to the track and the ϕ angle in the cell. Due to the hexagonal

structure of the drift chamber all cells are identical and have the same space-

time relation t(r, ϕ) initially got from Garfield. A calibration technique has

been developed to improve spatial resolution using experimental data. Correc-

tion shown in Fig. 2 is obtained as time residual, which is function of a radius

and an angle in a cell. The improvement of resolution in the perpendicular

plane after the offline calibration of space-time relation is shown in Fig. 3.

To improve resolution in the z-coordinate residuals between the measured

in cell z-coordinate and the fitted z-coordinate of the track are minimized by

using the least-squares method. Parameters of the minimization are length of

wire, pedestals, gain and input impedances of the T2Q channels. Dependence

of resolution on the track z-coordinate is shown in Fig. 3.
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Figure 3: a) Resolution in the r-φ-plane versus distance to a sense wire; b)

Resolution of the z-coordinate (circles – before calibration, stars – after calibra-

tion).

5 Vertex Reconstruction

The vertex reconstruction chain also consists of several stages. To search the

candidate for a vertex we use a intersection of pair of tracks. Distance between

the vertex-candidate and each track must be less than 5 mm. The vertex fit

is performed using the tracks parameters with the covariance matrix. In the

vertex fit distances between the vertex and each track in the perpendicular

plane as well as along wires are minimized by the least-squares method. If the

final vertex chi-square is less than χ2
v threshold we try to add new tracks to

the vertex. Otherwise the track given the largest contribution to the vertex

chi-square is removed and the vertex fit procedure is repeated.

Program for the vertex reconstruction was tested on simulation. The

vertex search efficiency for events with four tracks is 89%, this was tested

on simulation e+e− → 2π+2π−. The vertex resolution about 130 µm was

obtained.

To test the vertex reconstruction algorithm on events with the vertex

outside interaction region simulation of events e+e− → KSKL with decay of

KS → π+π− was used and invariant mass of KS was reconstructed. From

kinematic fit with vertex constrain the π+π− invariant mass resolution about

0.5 % was obtained. It’s worth to note that our simulation does not have any

electronic noise and in real experiment the resolution may change.
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6 Conclusion

Event reconstruction in the drift chamber of the CMD-3 detector is imple-

mented. This software includes reconstruction of charged particles tracks, ver-

tices and several offline calibrations. The algorithm of the track reconstruction

and the offline calibrations were tested on the experimental data without the

magnetic field as well as on simulation in presence of the magnetic field. The

experimental resolution 90÷120 µm in the perpendicular plane and 1.5÷3 mm

along wires was reached. The vertex reconstruction was tested on non-central

(KS → π+π−) and central (e+e− → 2π+2π−) simulated events in the magnetic

field.

Test of the event reconstruction efficiency are still in progress. Also we

plan to use the Kalman filter for low-energy particle track reconstruction. This

method allows us taking into account multiple scattering in the track fit, which

is necessary for charged kaons at the threshold.
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Rhinefels Castle, St. Goar, October 3–6, 1996
ISBN—88–86409–11–7

Volume VIII
ADONE a milestone on the particle way

Ed.: V. Valente 1997
ISBN—88–86409–12–5

Volume IX – Special Issue
Les Rencontres de Physique de la Vallée d’Aoste –

Results and Perspectives in Particle Physics

Ed.: M. Greco
La Thuile, Aosta Valley, March 2–8, 1997
ISBN–88–86409–13–3

Volume X
Advanced ICFA Beam Dynamics

Workshop on Beam Dynamics Issue for e+e− Factories

Eds.: L. Palumbo, G. Vignola
Frascati, October 20–25, 1997
ISBN—88–86409–14–1

Volume XI
Proceedings of the XVIII International Conference on

Physics in Collision

Eds.: S. Bianco, A. Calcaterra, P. De Simone, F. L. Fabbri
Frascati, June 17–19, 1998
ISBN—88–86409–15–X

Volume XII – Special Issue
Les Rencontres de Physique de la Vallée d’Aoste –

Results and Perspectives in Particle Physics

Ed.: M. Greco
La Thuile, Aosta Valley, March 1–7, 1998
ISBN—88–86409–16–8

94



Volume XIII
Bruno Touschek and the Birth of thee+e−

Ed.: G. Isidori
Frascati, 16 November, 1998
ISBN—88–86409–17–6

Volume XIV – Special Issue
Les Rencontres de Physique de la Vallée d’Aoste –

Results and Perspectives in Particle Physics

Ed.: M. Greco
La Thuile, Aosta Valley, February 28–March 6, 1999
ISBN—88–86409–18–4

Volume XV
Workshop on Hadron Spectroscopy

Eds.: T. Bressani, A. Feliciello, A. Filippi
Frascati, March 8 2 1999
ISBN—88–86409–19–2

Volume XVI
Physics and Detectors for DAΦNE

Eds.: S. Bianco, F. Bossi, G. Capon, F.L. Fabbri,
P. Gianotti, G. Isidori, F. Murtas
Frascati, November 16 –19, 1999
ISBN—88–86409–21–4

Volume XVII – Special Issue
Les Rencontres de Physique de la Vallée d’Aoste –

Results and Perspectives in Particle Physics

Ed.: M. Greco
La Thuile, Aosta Valley, February 27 March 4, 2000
ISBN—88–86409–23–0

Volume XVIII
LNF Spring School

Ed.: G. Pancheri
Frascati 15–20 May, 2000
ISBN—88–86409–24–9

95



Volume XIX
XX Physics in Collision

Ed.: G. Barreira
Lisbon June 29–July1st. 2000
ISBN—88–86409–25–7

Volume XX
Heavy Quarks at Fixed Target

Eds.: I. Bediaga, J. Miranda, A. Reis
Rio de Janeiro, Brasil, October 9–12, 2000
ISBN—88–86409–26–5

Volume XXI
IX International Conference on Calorimetry in

High Energy Physics

Eds.: B. Aubert, J. Colas, P. Nédélec, L. Poggioli
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