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PREFACE
The fourth Young Researcher Workshop "Physics Challenges in the LHC Era" was held in
the Frascati Laboratories during May 12th and 15th 2014, in conjunction with the XVII
edition of the Frascati Spring School "Bruno Touschek".
The Frascati Young Researcher Workshops started with the 2009 Frascati Spring School,
and by now represent a well established and important appointment for graduate students in
theoretical and experimental high energy and astroparticle physics. Young researchers are
invited to present the results of their research work in a fifteen minutes talk, and discuss
them with their colleagues. Students have to learn how to condense their results in a short
presentation, how to organize a speech on a specialized subject in a way understandable to
their colleagues, they get a training in preparing the write up of their contribution for the
Workshop Proceedings, they experience how to interact with the Scientific Editor and with
the Editorial Office of the Frascati Physics Series and, in many cases, their learn for the first
time the procedure to submit their contribution in the arXiv.org database. Helping to
develop all these skills is an integral part of the scientific formation the Frascati Spring
School is providing.
These proceedings collect the joint efforts of the speakers of the Young Researchers
Workshop 2014. The short writeups represent the best demonstration of the remarkable
scientific level of the Workshop contributors, and set the benchmark for the scientific level
required to apply for participating in the Workshop.
The success of the XVII Frascati Spring School "Bruno Touschek" and of the joint 4th
Young Researcher Workshop "Physics Challenges in the LHC Era" relies on the efforts of a
closeknit and well geared team of colleagues. A special acknowledgment goes to
Maddalena Legramante, that carried out with her usual efficiency the secretariat work both
for the Workshop and for the Spring School, to Claudio Federici, that always puts a special
dedication in realizing the beautiful graphics for the Spring School posters and front page
of the proceedings, and to Debora Bifaretti for the technical editing. I also want to thank the
director of the LNF Research Division Fabio Bossi and the former director Vitaliano
Chiarella, the responsabile of the SIDS Rossana Centioni and the former responsible Danilo
Babusci, and the responsabile of the LNF seminars Manuela Boscolo, for sponsoring the
XVI Spring School and for their precious help. Finally, a special thanks goes to the Director
of the Frascati Laboratories Prof. Umberto Dosselli for his encouragement and unconditional
support.

Frascati, September 2014

Enrico Nardi

Frascati Physics Series Vol. LIX (2014), pp. 00-00
4th Young Researchers Workshop: “Physics Challenges in the LHC Era”
Frascati, May 12 and 15, 2014

Inclusion of the Z 0 at the order αs in the Monte Carlo DISENT
Gaetana Anamiati
Università della Calabria and INFN, Gruppo collegato di Cosenza, Italy

Abstract
Even after the final shutdown of the HERA experiment, the precision in the
determination of the strong coupling constant (αs ) and the parton distribution
functions can be improved by re-analysing data through Monte Carlo’s which
include subleading effects. We consider the Monte Carlo program DISENT for
jet production at HERA, that in the original version contains only the photon
exchange and modify it to include the Z 0 boson exchange at the order αs . We
show some numerical results obtained thereafter.
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Introduction

Deep inelastic lepton-nucleon scattering (DIS) provides a testing ground for
Quantum Chromodynamics (QCD) 1) . According to the parton model 2, 3) ,
the scattering does not occur with the proton as a whole, but with one of its
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constituents, called parton, that carries a momentum fraction (x) of the proton
momentum with a certain probability density, the so-called parton distribution
function fi (x) (see, e.g., Ref. 4) ), where i is the parton index. Then, the cross
section is written as the convolution of these parton distribution functions with
the partonic cross section (factorization theorem):
XZ
dxfi (x, µF )dσ̂ei (x, αs (µ2R ), µ2R , µ2F ).
(1)
dσ =
i

The key point of this theorem is that the parton distribution functions are
universal, namely process-independent, and the dependence on the particular
process only enters in the partonic cross section, that can be calculated in
perturbative QCD as an expansion in αs ,
dσ̂ = dσ̂ (0) + αs dσ̂ (1) + αs2 dσ̂ (2) + ... ,

(2)

thanks to the asymptotic freedom property of QCD. The dependence on the
renormalization scale µR and the factorization scale µF arises from the renormalization procedure. When evaluating higher-order QCD cross sections, one
has to consider real emission contributions and virtual corrections and one has
to deal with different kinds of singularities. In particular, high-momentum region produce ultraviolet singularities, while soft and collinear regions produce
infrared singularities (see, e.g., Ref. 5) ). Both these singularities are regularized
by the dimensional regularization (see, e.g., Ref. 6) ); to remove the ultraviolet
singularities we consider the customary renormalization procedure (see, e.g.,
Ref. 7) ), while the cancellation of infrared divergences is guaranteed by the
Kinoshita-Lee-Nauenberg 8, 9) theorem, if the final state is inclusive enough.
Although the sum of real and virtual contributions is infrared finite, they are
separately divergent and therefore unsuitable for the naive inclusion in a Monte
Carlo code. Obviously, infrared divergences must be singled out and canceled
prior to the numerical calculation; the Catani-Seymour algorithm 10) provides
for an efficient, process-independent tool for this purpose.

2

The Monte Carlo program DISENT

The Monte Carlo program DISENT is written in Fortran 77 and runs the calculation of the cross section at αs2 for jet production in DIS in the Breit frame.

2

The main routine is called disent and generates the partonic configuration
of each event, calculates the contribution to the cross section and returns the
results to the user. It takes five arguments:
subroutine disent(NEV, S, NFL, USER, CUTS)
where
• NEV (integer) is the number of events to generate;
• S (double precision) is the center of mass energy;
• NFL (integer) is the number of flavors.
User and cuts are two auxiliary subroutines: the first analyses events and selects only those that satisfy certain conditions chosen by the user, according
to the selection criteria used in the experimental data; in the second one, the
user imposes kinematical limits according to the type of cross section he wants
to calculate.
To include the Z 0 boson exchange at αs order in DISENT program, it is necessary to modify only those subroutines related to the calculations of the transition amplitudes. For more details on the structure of these transition amplitudes, see Ref. 11) .
At first, we initialize the parameters related to weak interactions, as the
0
Z mass term MZ0 , the Weinberg angle sin2 θW , the third component of the
weak isospin and charge of the i-th quark, ti and ei , and the couplings vi =
ti − 4ei sin2 θW , ai = 2ti , vi = −1 + 4 sin2 θW , ai = −1; then, we define the
following functions:
Ai (Q2 )

= e2i − 2ei ve vi χ + (ve2 + a2e )(vi2 + a2i )χ2 ,

Bi (Q2 )

= −(2ei ae ai χ − 4ve ae vi ai χ2 ),
1
Q2
χ(Q2 ) =
.
(2 sin 2θW )2 Q2 + MZ2 0

At last, considering only the hard processes contributing at the order αs , we
carry out the following replacements:
• e− (l) + q(p0 ) → e− (l0 ) + q(p1 ) (Born),
2
X
(pc)
e2i fi (η)|Mq→q |

(3)

i=q,q

3

−→

X

(pc)

2

Ai (Q2 )fi (η)|Mq→q | +

X

(pv)

2

Bi (Q2 )∆fi (η)|Mq→q | ,

i=q

i=q,q

where ∆fq (x) ≡ fq (x) − fq (x);
• e− (l) + q(p0 ) → e− (l0 ) + q(p1 ) + g(p2 ) (Born),
(pc)

X

2

e2i fi (η)|Mq→qg |

(4)

i=q,q

−→

(pc)

X

2

Ai (Q2 )fi (η)|Mq→qg | +

X

(pv)

2

Bi (Q2 )∆fi (η)|Mq→qg | ,

i=q

i=q,q

• e− (l) + g(p0 ) → e− (l0 ) + q(p1 ) + q(p2 ) (Born),
X

(pc)

e2i fi (η)|Mg→qq |2

(5)

i=q,q

→

X

(pc)

2

Ai (Q2 )fg (η)|Mg→qq | +

i=q

X

(pv)

2

Bi (Q2 )fg (η)|Mg→qq | .

i=q

In the expressions above, the apex (pc) stands for “parity conserving” and
M (pc) denotes the contributions from the photon exchange only. The effect of
the Z 0 exchange amounts to replace e2i with Ai (Q2 ) and to introduce a new
“parity violating” term, labeled with the apex (pv) and proportional to Bi (Q2 ).
For the expressions of all amplitudes M (pc,pv) above, we refer to Ref. 11) .
We observe that the contribution from
• e− (l) + q(p0 ) → e− (l0 ) + q(p1 ) (interference Born and 1-loop)
is factorized as the Born amplitude times a term which contains the divergence,
therefore its modification goes together with the first of the replacements listed
above.
3

Numerical results and conclusions

We present in the table and in the figure the results of the numerical analysis
of 20 million events for the 1-jet inclusive production cross section as a function
of Q2 in the original version in which the program contained only the photon

4

exchange and in our implementation with the inclusion of the Z 0 exchange. It
is possible to notice an increase of the cross section as Q2 grows, up to about
50% for the largest Q2 bin.
Q2 [GeV2 ]
125 − 250
250 − 500
500 − 1000
1000 − 2000
2000 − 5000
5000 − 100000

dσ/dQ2 [pb/GeV2 ] (γ)
(8.172 ± 0.037) · 10−1
(2.767 ± 0.011) · 10−1
(7.450 ± 0.025) · 10−2
(1.670 ± 0.005) · 10−2
(2.485 ± 0.007) · 10−3
(1.800 ± 0.005) · 10−5

dσ/dQ2 [pb/GeV2 ] (γ + Z 0 )
(8.188 ± 0.037) · 10−1
(2.782 ± 0.011) · 10−1
(7.563 ± 0.026) · 10−2
(1.745 ± 0.006) · 10−2
(2.842 ± 0.008) · 10−3
(2.656 ± 0.007) · 10−5

2

2

dσ/dQ (pb/GeV )

Table 1: Numerical results for differential cross section as a function of Q2
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Figure 1: Differential cross section as a function of Q2
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LHC-SCALE LEFT-RIGHT SYMMETRY, UNIFICATION AND
DARK MATTER
Carolina Arbeláez
Instituto de Fı́sica Corpuscular IFIC - Universidad de Valencia
Proceedings based in the paper
Phys.Rev.D89 (2014) 035002

Abstract
In this work we construct a comprehensive list of non-SUSY SO(10) models
with left-right symmetric intermediate stage close to the TeV scale which unify
better than the MSSM. These models, which contain few extra fields added
to the SM, pass some phenomenological constraints like compatibility with the
quark and lepton masses and mixings, the current proton decay limits, perturbativity and neutrino masses. We pay special attention to the uncertainties and
their role in the determination of the LR-breaking scale. Finally, a connection
between DM and nonSUST GUTs is explored.

1

Introduction

Left-right LR models have not been studied very much in the literature in the
context of Gauge Coupling Unification (GCU). It is however quite straightforward to construct such a model even with the LR scale close to the EW scale.

7

Some examples of these models have been proposed, for example, the SUSY
LR models described in [1-3]. An interesting feature of these models is that
the scale where the symmetry U (1)R × U (1)B−L is broken can slide down from
(nearly) mG to any arbitrary value up to mZ , without destroying GCU (sliding
scale models). However, supersymmetry is not needed to construct such lowscale LR models. NonSUSY SO(10) models with low intermediate scales have
been also proposed in the literature. In 4) we dealt with this kind of scenarios.
Models which fulfil some special phenomenological requirements are explored.
Below some details are described.
In this work we construct simple nonSUSY low LR scale models with a particle
content as small as possible. These models follow a minimal set of conceptual
and phenomenological requirements: i) There must be at least one field that
breaks the intermediate LR symmetry, in this case Φ1,1,3,−2 or Φ1,1,2,−1 , ii)
The models must contain the necessary ingredients to generate the non trivial
CKM matrix. iii) the couplings must be bigger than zero at the GUT scale mG
and iv) the mG scale should be large enough to prevent fast proton decay.
In these kind of models it is particularly difficult to get a good grip on the
GUT scale from a mere renormalization group equations (RGE) running. The
uncertainties as well as the threshold effects play a key role in the determination of these scales. Our ignorance of the thresholds should be included as the
theoretical error once the two loop coefficients are used in the calculations. It is
convenient then to determine mG and its error by means of a χ2 optimization
based on an educated guess of the relevant theory error. Uncertainties for the
prediction of the LR scale and proton decay half-life in the different models
will be discussed in more detail in the Section 3.
Dark matter can be also successfully explained in non SUSY SO(10) LR models
5, 6) . Finally we explore the possibility to connect DM with this kind of
scenarios, where the symmetry Z2 = −13(B−L) which stabilize DM is a remnant
symmetry after the breaking SO(10) → SU (3) × SU (2)L × SU (2)L × U (1)B−L .
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2

Models

In this section we discuss simple models inspired in SO(10) unification with
LR intermediate scale mLR . In the LR stage we consider a total of 24 different representations up to the 126 of SO(10). These representations and the
transformation properties of the allowed fields are listed in Table IV of 4) . As
discussed previously, some conditions must be fulfilled in our configurations to
have models which are penomenologically interesting.
Here, two classes of scenarios are analyzed: the scalar and fermion CKM models. In the former, a realistic CKM is generated by the extension of the scalar
sector. Here, two bidoublets Φ1,2,2,0 plus an extra scalar Φ1,1,3,0 are added to
generate a non-trivial CKM matrix. Considering the 24 fields in Table IV 4) ,
a plethora of these kind of models can be constructed. In Table 1 we give few
examples.

Configuration
Φ1,2,2,0 + Φ1,1,3,0 + 3Φ1,1,3,−2
Φ1,2,2,0 + 3Φ1,1,3,0 + 2Φ1,1,3,−2
2Φ1,2,2,0 + Φ1,1,3,0 + Φ8,1,1,0 + 2Φ1,1,3,−2
3Φ1,2,2,0 + Φ1,1,3,0 + 3Φ6,1,1,4/3 + 2Φ1,3,1,−2 + Φ3,1,2,−2

mLR [GeV]
1 · 102
2 · 103
5 · 102
4 · 102

T1/2 [y]
1030.6±2.5
1031.3±2.5
1041.3±2.5
1036.3±2.5

Table 1: Simple possible LR models
All the configurations in the Table 1 can explain CKM and conserve parity, except the last one. We can note also that, at the price of introducing one coloured
field, the proton decay half life constraint can be completely evaded. It is worthy to mention here that all the models with a second bidoublet Φ1,2,2,0 but no
additional coloured particles will have a GUT scale below that mG = 2 × 1015
GeV, then proton decay half-life values are low. This will be seen in more detail
in section 3.
This kind of analysis can be done also for models with additional fermions, like
in Table II 4) , but here we do not enter in detail. Just to mention that a
non-trivial CKM can be generated extending the fermion sector by three kind
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of fields, corresponding to vector like copies of the SM fields: uc , dc and Q.
3

Uncertainties

1036

1036

1035

1035

1034

1034

1033

1033

T 1 @yD
2

T 1 @yD
2

In this section we discuss uncertainties for the predictions of our LR models. In
these scenarios, once the particle content is fixed, essentially three free parameters remain: mLR , mG and αG . These parameters can be fixed up to some error
by the requirement of gauge coupling unification. In this analysis we used a χ2
minimization which fit the three measured SM couplings α1−1 (mZ ), α2−1 (mZ ),
α3−1 (mZ ) as a function of the three unknown parameters. The error used in
the analysis can be divided in an experimental error plus a theory error . In
addition, our ignorance of the thresholds should be included as the theoretical
error once two-loop coefficients are used in the calculations.
The theory error, which will be always much larger than the experimental
error, is calculated using three different assumptions (which are given in detail
in 4) ) and also considering that the 1-loop thresholds are formally of the order
of 2-loop level effects. Figure 1 shows the allowed parameter space for the
configuration Φ1,2,2,0 + 3Φ1,1,3,0 + 2Φ1,1,3,−2 using one of the sets of the theory
−1
error ∆αtheory
, Sec 4 4) .

1032
1031

+

1030

1032
1031

1029
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1028

1027

+

1030

1027
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mLR @GeVD

103 104 105 106 107 108 109101010111012
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Figure 1: Contour plot of the χ2 distribution in the plane (mLR , T1/2 ) for the
model: SM + Φ1,2,2,0 + 3Φ1,1,3,0 + 2Φ1,1,3,−2 . The cyan (blue, red) region
corresponds to the allowed region at 68 % (95 % and 3-σ) CL. Left: Using
−1
theory error ∆αtheory
= 0.7. Right: χ2 distribution without theory error.
We can conclude first that the model is excluded by the lower limit of proton
decay half-life from Super-K 7, 8) at 1σ of c.l, but allowed at 2-σ and 3-σ
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CL. We can see also that although the preferred value of the mLR scale is
within the reach of the LHC, the upper limit on mLR is very large. So mLR is
weakly constrained. Therefore the model is not excluded by direct accelerator
searches, but may be excluded by a slight improvement in the error calculation
and limits on proton decay. Finally, for the right plot it is clear that, without including the theory error in the analysis, the model is completely excluded.
This analysis was also done for a fermion-like CKM configuration. In this case,
the proton decay fits better than for the scalar CKM models. This is expected,
considering that the GUT scale is quite high in this kind of model due to the
coloured fields, as discussed before.
4

Dark Matter and GUTs

In GUTs like SO(10) a discrete Z2 = (−1)3(B−L) symmetry remains after the
SO(10) symmetry breaking SO(10) → SU (3)c × SU (2)L × SU (2)R × U (1)B−L .
This symmetry is known as matter parity.
Multiplets which belongs to the 16 and 144 SO(10)-reps are Z2 -odd while the
ones which belong to the 45, 54, 126, etc. SO(10)-reps are Z2 -even. Then,
scalars which belong to the 16 (such as χc = Φ1,1,2,−1 ) and fermions in the 45
(Φ1,1,3,−2 ) or 126 (Φ1,3,1,−2 ) can be possible DM candidates.
Some of the simple configurations found in the last sections can also potentially explain sucessfully DM. Some simple examples are: Φ1,2,2,0 + 2Φ1,1,3,0 +
2Φ1,1,2,−1 +2Φ1,1,3,−2 , 2Ψ3,2,1,1/3 +Φ8,1,1,0 +4Φ1,1,3,−2 and Φ1,1,2,0 +Φ1,1,2,−1 +
3Φ1,1,3,−2 . Note that, for the first configuration, the fields Φ1,2,2,0 and Φ1,1,3,0
realize the scalar CKM, Φ1,1,3,−2 breaks the LR symmetry and Φ1,1,2,−1 is the
DM candidate.

5

Conclusions

In this work we found a large number of simple nonSUSY models with LR intermediate scales which lead to a remarkably well SO(10)-like gauge coupling
unification. A large number of settings pass all the phenomenological con-
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straints regarding to compatibility with the CKM mass matrix, current proton
decay life times, perturbativity and GCU. In the second part we found that
theoretical uncertainties affects the possible determination of the LR scale. The
viability of a GUT model depends strongly of the GUT-scale thresholds (two
loop effects) and other high-scale effects. Finally we discuss the connection
between DM and GUTs. There are a large number of possible configurations
to explain DM in a nonSUSY GUT scenario where a Z2 symmetry remains
after the SO(10) symmetry breaking.
6
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Effective field theories: from Cosmology to Quark Gluon Plasma
Simone Biondini
Technische Universität München,
Physik Department I, Garching 85747, Germany

Abstract
Cosmology and particle physics come across a tight connection in the attempt
to reproduce and understand quantitatively the results of experimental findings. Indeed, the quark gluon plasma (QGP) found at colliders and the baryon
asymmetry abundance provided by the WMAP collaboration are examples
where to apply field theoretical techniques in issues relevant for Cosmology.
In the simplest leptogenesis framework, heavy Majorana neutrinos are at
the origin of the baryon asymmetry. The non-relativistic regime appears to be
relevant during the lepton asymmetry generation where the interactions among
particles occur in a thermal medium.
We discuss the development of an effective field theory (EFT) for nonrelativistic Majorana particles to simplify calculations at finite temperature.
We show an application of such a method to the case of a heavy Majorana
neutrino decaying in a hot and dense plasma of Standard Model (SM) particles.
These techniques are analogous to those widely used for the investigation
of heavy-ion collisions at colliders by exploiting hard probes. We sketch some
commonalities between Majorana neutrinos and quarkonium in medium.
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1

Introduction

The physics of the early universe represents a challenge both theoretically and
experimentally. Indeed, during the first stages of the universe evolution, particles interact at very high energies, density and temperatures. At present, such
extreme conditions might be reproduced only in dedicated facilities.
We observed recently hints at the ALICE experiment 1) , and previously
at RICH 2) , that the quark gluon plasma is possibly formed. This is a phase
in which quarks and gluons are no longer confined in hadrons and this transition is expected to be occurred during the universe evolution. Confirming the
existence of this phase of matter and understanding its properties might shed
light on our comprehension about particles interactions in the early universe.
Quarkonia suppression in medium has been considered a promising probe to
study QGP in heavy-ion collisions 3) .
Other important processes taking place in the hot and dense universe are
the dark matter and baryon asymmetry generation. The WMAP collaboration
provides accurate values for the dark matter abundance and the amount of
baryon asymmetry 4) . At variance with the quark gluon plasma, some physics
beyond the SM is needed to explain such evidences. Let us focus on the generation of the baryon asymmetry and on a possible attractive solution, embedded
in the class of models called leptogenesis.
In its simplest scenario, a net lepton asymmetry is produced in the CP
violating decays of heavy Majorana neutrinos into SM leptons and anti-leptons
in different amounts 5) . The lepton asymmetry is then partially reprocessed in
a baryon asymmetry via the sphalerons transitions. The interactions of heavy
neutrinos with particles in the plasma occur in a hot medium and one has to
take into account a field theoretical approach that includes thermal effects.
Either in the case of heavy quarkonium in a quark gluon plasma or heavy
Majorana neutrinos in the early universe, the presence of a thermal medium
may induce some effects. Much progress has been done in this direction and
we discuss here the EFT approach to address the issue.
In section 2, we introduce the EFT formalism we are going to use for
a non-relativistic particle. We show how to reproduce the neutrino thermal
width by using the EFT techniques in section 3, whereas we sketch the case of
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heavy quarkonium in a weakly interacting QGP in section 4.
2

Effective Lagrangian for non-relativistic particles

We define a particle to be heavy when its mass, M , is bigger than any other
scale of the medium. For a system in equilibrium the main thermodynamical
scale is the temperature, T . The situation we want to consider is M ≫ T and
in such a case the heavy particle is also non-relativistic. Hence, we can devise
an EFT Lagrangian that properly describes the low-energy modes of the heavy
particle as the relevant degrees of freedom, labelled with the field N in the
following. The effective Lagrangian has the general form
LEFT = N † iD0 N +

X
n

cn

 µ  O (µ, T )
n
+ Llight .
M
M dn−4

(1)

The heavy particle is considered in a reference frame at rest up to momentum
fluctuations much smaller than M . The heavy particle sector is organized as an
expansion in 1/M . The effective operators, describing the interaction among
the heavy and light degrees of freedom, are suppressed with the proper power
of M in order to keep the Lagrangian density of dimension four. The higher the
operator dimension the bigger the suppression. The light degrees of freedom
are embedded in Llight .
The Wilson coefficients, cn , are the parameters of the low-energy theory
and one has to compute them by the matching procedure. Since they encode
the effects of the high energy scale, M , one may ignore and set to zero any
other scale in the matching calculation, namely T = 0. This turns out to be
a helpful simplification in the case of calculations in a thermal bath. Indeed,
the Wilson coefficients are obtained by matching in-vacuum matrix elements.
The temperature only affects the calculation of observables in the low-energy
Lagrangian, as we are going to show in the case of the neutrino thermal width
in the next section.
3

Thermal width for heavy Majorana neutrinos

We are interested in the thermal width for a Majorana neutrino induced by
a thermal bath. We start with the fundamental Lagrangian that includes one
additional neutrino to the SM content. The additional lepton is also called
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a

Figure 1: Relevant diagram for the matching computation.
sterile or right-handed neutrino, it has a Majorana mass and interacts only via
Yukawa couplings with SM Higgs and leptons. The Lagrangian reads
1
M
ψ̄ψ − Ff L̄f φ̃PR ψ − Ff∗ ψ̄PL φ̃† Lf ,
L = LSM + ψ̄i∂/ψ −
2
2

(2)

where LSM is the SM Lagrangian, ψ is the Majorana neutrino field, Ff is
the Yukawa coupling, Lf stands for the SM lepton doublet with flavour f ,
φ̃ = iσ2 φ∗ where φ is the Higgs field and PL(R) is the left (right) chiral projector.
This Lagrangian is not enough to have leptogenesis because there is only one
sterile neutrino. However, we take the Lagrangian in (2) as a toy model to
implement the EFT treatment for the thermal width. We consider the following
hierarchy of scales M ≫ T ≫ MW , where MW sets the electroweak scale.
The first step consists in integrating out the energy modes of order M so
that we are left with non-relativistic excitations of Majorana neutrinos. The
low-energy Lagrangian reads, according to the prototype in eq. (1), as follows




Γ0
L(1)
L(2)
L(3)
1
†
LEFT = LSM + N i∂0 − i
N+
+
+
+O
, (3)
2
M
M2
M3
M4
where Γ0 is the decay with at T = 0. L(1) , L(2) and L(3) contain respectively
dimension five, six and seven operators. We focus on the only dimension five
operator in L(1) , (a/M )N † N φ† φ, to show our procedure. This operator describes the effective interaction between a non-relativistic Majorana neutrino
and a SM Higgs boson. By integrating out the energy modes of order M , the
one loop process in the fundamental theory is matched onto a four-particle
interaction, as shown in Figure 1. Standard T = 0 perturbation techniques
are exploited. The matching coefficient reads Im(a) = −(3λ|Ff |2 )/(8π) and
determines the low-energy neutrino-Higgs interaction. We extracted only the
imaginary part since it is the one relevant for the determination of the thermal
width.
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φ

N

Figure 2: The tadpole diagram in the low-energy theory is shown.
Once the effective Lagrangian is determined, one can calculate the thermal
corrections to the width. This is carried out in the low-energy theory, where
the dynamical energy modes are those of order T . In the present formalism,
the thermal width is obtained by computing the tadpole diagram in Figure 2.
A Higgs boson from the thermal bath runs in the loop diagram and the leading
thermal correction reads 6) , 7)
|Ff |2 M
Im(a) †
Γa = 2
hφ (0)φ(0)i = −λ
M
8π



T
M

2

.

(4)

We notice that the derivation of the thermal width is divided into two steps: a
one loop calculation in vacuum (matching), and a one loop computation in the
EFT (thermal tadpole). In a full relativistic thermal field theory derivation for
the thermal width such a simplification can barely arise, whereas it is typical
of the EFT approach.
4

Quarkonium suppression in QGP and conclusions

As we mentioned in the introduction, quarkonia suppression in medium may
be useful to probe the QGP features. The main difference with respect to
Majorana neutrinos is that heavy quarkonium is a bound state of heavy quarks
(QQ̄).
This complicates much more the treatment in a thermal medium because
of the interplay between non-relativistic and thermodynamic scales. The former
are m, mv, and mv 2 , respectively the mass of the heavy quark, the inverse size
of the bound state and the binding energy. The temperature, T , and the
Debye mass, mD = gT , are the thermodynamic ones. An EFT treatment for
a wide range of scales configurations has been established in 8) . The main
outcome is a rigorous derivation of the static potential that comprises a real
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and imaginary part with thermal corrections. In particular, the imaginary part
of the potential is related with the thermal width of the quarkonium that can
be traced back to the interactions between the bound state and the partons in
the QCD medium. This is in complete analogy with the Majorana neutrino
thermal width that arises from the interactions with the SM particles in the
thermal bath. Therefore, the developments of resummation techniques in hot
QCD and Cosmology may benefit both fields.
5
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Abstract
We propose a new radiative mechanism for neutrino mass generation based
on the SU(3)c ⊗ SU(3)L ⊗ U(1)X electroweak gauge group. Lepton number
is spontaneously broken in the gauge sector only. As a result light Majorana
masses arise from neutral gauge boson exchange at the one-loop level. In
addition to the isosinglet neutrinos which may be produced at the LHC through
the extended gauge boson portals, the model contains new quarks which can
also lie at the TeV scale and provide a plethora of accessible collider phenomena.

1

Introduction

The origin of neutrino mass and mixing, required in order to account for neutrino oscillation data 1, 2) , poses one of the biggest challenges in particle
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physics. While charged fermions must be Dirac particles, neutrinos are generally expected to be Majorana fermions 3) , breaking lepton number and
inducing neutrinoless double beta decay 4) .
Another important challenge is the origin of the number of families. We
know that three different flavors exist, i.e. states with the same gauge quantum
numbers but different mass. But we do not know why nature replicates, nor
why the masses of the three generations of Standard Model quarks and leptons
are so different, nor why they mix in the way they do (flavor problem).
In 5) we considered an alternative approach to neutrino mass generation
at accessible scales and ”explaining” the number of families. The model is
based on the SU(3)c ⊗ SU(3)L ⊗ U(1)X (3-3-1) electroweak gauge structure
and is consistent only if the number of families equals the number of quark
colors 6, 7) , giving a reason for having three species of fermions. This feature follows from gauge anomaly cancellation and characterizes 331 models,
including other variants e.g. 8, 9, 10, 11, 12, 13) .
2

The model

We start from the SU(3)c ⊗ SU(3)L ⊗ U(1)X gauge framework suggested
in 6, 7) . We concentrate on the electroweak part of the model. The lefthanded leptons are assigned to the anti-triplet representation of SU (3)L
 − 
`
`
ψL
=  ν`  ,
(1)
N`c L
where ` = 1, 2, 3 ≡ e, µ, τ . In addition to the new two-component neutral
T
fermions present in the lepton triplet NLc ≡ (N c )L ≡ (νR )c where ψ c = Cψ
and C is the charge conjugation matrix, we introduce new sequential leptonnumber-carrying gauge singlets S = {S1 , S2 , S3 } sequentially 14, 15, 16, 17, 18) .
The matter content of the model is summarized in Tab. 1.
With the above L assignment the electric charge and lepton number are
given in terms of the U (1)X generator X and the diagonal generators of the
SU (3)L as Q = T3 + √13 T8 + X and L = √43 T8 + L
In order to spontaneously break the weak gauge symmetry, we introduce
three scalar anti-triplets φ1 ∼ (3∗ , +2/3) and φ2,3 ∼ (3∗ , −1/3). Note that
the third component of φ3 carries two units of lepton number. Following the
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SU (3)c
SU (3)L
U (1)X
L

`
ψL
1
3S
− 13
− 13

`R
1
1
−1
−1

Q1,2
L
3
3
0
− 23

Q3L
3
3S
+ 13
+ 23

ûR
3
1
+ 32
0

dˆR
3
1
− 31
0

S
1
1
0
1

φ1
1
3S
+ 23
+ 23

φ2
1
3S
− 31
− 34

φ3
1
3S
− 13
+ 23

Table 1: Matter content of the model, where ûR ≡ (uR , cR , tR , t0R ) and dˆR ≡
(dR , sR , bR , d0R , s0R ) (see text).

notation of 7) we have the following vacuum expectation values (VEVs)






0
0
k1
hφ1 i =  0  , hφ2 i =  0  , hφ3 i =  k2  ,
(2)
n1
0
n2
where the k1 and k2 VEVs are at the electroweak scale and correspond to the
VEV of the SU (2)L ⊂ SU (3)L doublets. The VEVs n1 and n2 are isosinglet
VEVs that characterize the SU (3)L breaking scale. Note that while φ3 takes
VEV in both electrically neutral directions, the second VEV of φ2 is neglected,
so that lepton number is broken only by SU (2)L singlets. This pattern gives
the simplest consistent neutrino mass spectrum, avoiding the linear seesaw
contribution 19, 20) .
There are in total nine electroweak gauge bosons, four of which are
charged, while five are electrically neutral, namely W 3 , W 6 , W 8 , B and one
neutral boson, unmixed if CP is conserved W 7 .
3

Neutrino masses

Turning to the lepton sector, the Yukawa terms are
Lleptons

=

` i j
a
iT −1 j
s
i S j φ + h.c.
yij
ψL lR φ1 + yij
ψL
ψL
C ψL φ1 + yij
2

where contraction of the flavor indices i, j = 1, 2, 3 is assumed. Here y ` and
y s are arbitrary matrices while y a is antisymmetric. The charged lepton mass
matrix is just M` = y ` φ01 and can be made diagonal in the usual way. Note
that, thanks to an auxiliary parity symmetry, φ3 does not couple to leptons.
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The tree level neutrino mass matrix in the basis (νL , N c , S) is given by


0 mD 0
0
M ,
Mν = 
0

(3)

where mD = k1 y a , and M = n1 y s . Note that lepton number conservation forbids the Majorana mass entry for S. We denote the corresponding eigenstates
as ν1 , ν2 , ν3 . The heavy states form Dirac pairs with masses MD i (i = 1, 2, 3)
On the other hand the state ν1 is massless because of lepton number conservation in Eq. (3). This holds at tree level. However lepton number is broken
spontaneously by n2 6= 0 and as a result induces light neutrino masses radiatively, as illustrated by the diagram in Fig. 1 (left). Indeed, the interplay of
the intra-multiplet gauge boson exchange connecting ν to N c with the gauge
boson mixing implies that lepton number is necessarily violated in the neutral
fermion sector. As a result the massless neutrino is not protected and radiative
corrections involving the gauge bosons will yield a calculable Majorana mass
term as depicted in the diagram of Fig. 1 and given by
mνlight '

m2Z 0
m2Z 0
g2  β
M
log
D
2 + m2
2 ,
16π 2
MD
MD
Z0

(4)

where g is a simple function of gauge coupling constrants g1 and g2 and  is the
mixing of W 6 with W 3 , W 8 and B. Note that the contribution proportional to
2 and β 2 vanish as expected.
Fig. 1 (right) shows the correlation between the light neutrino mass scale
and the Z 0 mass for various values of the Dirac mass MD , parametrized by the
Yukawa coupling y a . For definiteness we fix the n2 VEV, responsible for the
masses of the new iso-singlet colored states at 1 TeV and 10 TeV. Increasing
n2 would push up the Z 0 mass and, assuming Yukawas of order one, would
increase the exotic quark masses.
4

Conclusion

In summary, we have proposed a new mechanism to generate neutrino mass
based on the SU (3)L ⊗ U (1)X gauge symmetry. At tree level neutrinos are
massless because of lepton number conservation. Gauge interactions violate
lepton number and lead to a Majorana mass term for light neutrinos at oneloop level. In contrast to most neutrino mass generation schemes, such as the

22

k2

n2

0

W 3, W 8, B

W6

νL

NLc

νL

νL

Log10(Mν / eV)

Disfavored by cosmology

−2

ya=1
ya=10−3
ya=10−5

−4

−6

−8
0

k1

1

2
3
4
Log10(MZ’ / TeV)

5

6

Figure 1: LEFT: Gauge boson exchange diagram for radiatively induced Majorana neutrino mass in the flavor basis. RIGHT: Neutrino mass versus Z 0
scale for various values of the Dirac mass parameter MD . Solid, dashed and
dot-dashed lines correspond to y a = 1, 10−3 and 10−5 respectively. g1 = 0.6
and k2 = 90 GeV and the scale of the new colored states (n2 ) is fixed at 1 TeV
(thick lines) and 10 TeV (thin lines).
seesaw mechanism, where the neutrino mass comes from Yukawa couplings,
here it arises directly from gauge boson exchange as seen in Fig. 1 (left) and
Eq. (4). All neutrino species are massive, and their splittings and mixing
parameters can be fitted to the oscillation data. Moreover, if light enough, the
new exotic colored states would also be produced at the LHC and induce gaugemediated flavor-changing neutral currents, e.g. b → sµ+ µ− 22) providing a
double test.
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A direct test of T symmetry in the neutral K meson system with
KS → π`ν and KL → 3π 0 at KLOE-2
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Abstract
Quantum entanglement of K and B mesons allows for a direct experimental test
of time-reversal symmetry independent of CP violation. The T symmetry can
be probed by exchange of initial and final states in the reversible transitions between flavor and CP-definite states of the mesons which are only connected by
the T conjugation. While such a test was successfully performed by the BaBar
experiment with neutral B mesons, the KLOE-2 detector can probe T -violation
in the neutral kaons system by investigating the process with KS → π ± l∓ νl
and KL → 3π 0 decays. Analysis of the latter is facilitated by a novel reconstruction method for the vertex of KL → 3π 0 decay which only involves neutral
particles. Details of this new vertex reconstruction technique are presented as
well as prospects for conducting the direct T symmetry test at the KLOE-2
experiment.
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1

Introduction

A direct test of the time-reversal symmetry in a single experiment is of great
interest among possible ways to probe the T symmetry violation 1) . For particles with spin 0 such as pseudo-scalar mesons, a direct test may be obtained by
observation of an asymmetry between a reaction from state i to state f and a
reversed reaction f → i. While the CPLEAR experiment measured a nonzero
value of the Kabir asymmetry in neutral kaon oscillations 2) , a controversy
was raised as to whether this result was independent of CP violation as the
K0 → K̄0 and K̄0 → K0 transitions are connected by both the T and CP
symmetries. Therefore, an idea was proposed to exploit the quantum correlations of neutral B and K meson pairs to observe reversible transitions between
flavour and CP-definite states of the mesons 3, 4) . Such a T symmetry test was
successfully performed by the BaBar experiment with the entangled neutral B
meson system 5) . In turn, the KLOE-2 detector at the DAΦNE φ-factory is capable of performing a statistically significant direct observation of T symmetry
violation with neutral kaons independently of CP violation 4) .
2

Transitions between flavour and CP-definite neutral kaon states

Neutral kaon states may be described in a number of bases including flavourdefinite states:
S |K0 i = +1 |K0 i ,

S |K̄0 i = −1 |K̄0 i ,

(1)

as well as the states with definite CP parity:
|K+ i =
|K− i

=

√1
2
√1
2

 0

|K i + |K̄0 i

 0
|K i − |K̄0 i

CP = +1,

(2)

CP = −1.

(3)

State of the kaon can be identified at the moment of decay through observation
of the decay final state. With the assumption of ∆S = ∆Q rule1 , semileptonic
kaon decays with positively and negatively charged leptons (later denoted as
`+ , `− ) unambiguously identify the decaying state as K0 and K̄0 respectively.
Similarly, the CP-definite states K+ and K− are implied by decays to hadronic
1

Althought an assumption, the ∆S = ∆Q rule is well tested in semileptonic
kaon decays 6)
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final states with respectively two and three pions (denoted ππ, 3π). In order
to observe a transition between the {K0 , K̄0 } and {K+ , K− } states, both the
in and out states must be identified in the respective basis. This is uniquely
possible in the entangled system of neutral K mesons produced at a φ-factory.
Due to conservation of φ(1−− ) quantum numbers, the φ → K0 K̄0 decay yields
an anti-symmetric non-strange final state of the form:
1
|φi → √
2

K0 (+~
p) K̄0 (−~
p) − K̄0 (+~
p) K0 (−~
p)



,

(4)

which exhibits quantum entanglement between the two kaons in the EPR
sense 7) . Thus, at the moment of decay of first of the K mesons (and, consequently, identification of its state) state of the partner kaon is immediately
known to be orthogonal. This property allows for identification of state of the
still-living kaon only by observing the decay of its partner. Its state can be
then measured at the moment of decay after time ∆t, possibly leading to observation of a transition between strangeness and CP-definite states. A list of
all possible transitions is presented in Table 1. It is immediately visible that
time-reversal conjugates of these transitions are not identical with neither their
CP- nor CPT-conjugates which is crucial for independence of the test.

1
2
3
4

Transition
K0 → K+
K0 → K−
K̄0 → K+
K̄0 → K−

(`− , ππ)
(`− , 3π 0 )
(`+ , ππ)
(`+ , 3π 0 )

T -conjugate
K+ → K0
K− → K0
K+ → K̄0
K− → K̄0

(3π 0 , `+ )
(ππ, `+ )
(3π 0 , `− )
(ππ, `− )

Table 1: Possible transitions between flavour and CP-definite states and their
time-reversal conjugates. For each transition a time-ordered pair of decay products which identifies the respective states is given.

3

Observables of the test

For each of the transitions from Table 1 occurring in time ∆t and its timereversal conjugate a time-dependent ratio of probabilities can be defined as
an observable of the T symmetry test. In the region where high statistics is
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expected at KLOE-2, however, two of them are important for the test:
R2 (∆t) =

P [K0 (0) → K− (∆t)]
I(`− , 3π 0 ; ∆t)
∼
,
0
P [K− (0) → K (∆t)]
I(ππ, `+ ; ∆t)

(5)

R4 (∆t) =

I(`+ , 3π 0 ; ∆t)
P [K̄0 (0) → K− (∆t)]
∼
.
I(ππ, `− ; ∆t)
P [K− (0) → K̄0 (∆t)]

(6)

These quantities can be measured experimentally through numbers of events
with certain pairs of decays occurring in time difference ∆t. A deviation of
these ratios from 1 would be an indication of T symmetry violation. Bernabeu
et al. have simulated the behaviour of these ratios expected at KLOE-2 for
10f b−1 of data 4) (Figure 1). At KLOE-2 the asymptotic region of R2 and R4
can be observed where their theoretical behaviour may be expressed as:
∆tτ

R2 (∆t) −→ s 1 − 4<,
∆tτs

R4 (∆t) −→ 1 + 4<,

(7)
(8)

where  = (S + L )/2 is a T-violating parameter 4) .

Figure 1: Simulated behavior of the probability ratios expected for 10f b−1 of
KLOE-2 data. The figure was adapted from 4) .

4

Reconstruction of events for the test

The T symmetry test requires reconstruction of the processes with KS →
ππ, KL → π ± `∓ ν and KS → π ± `∓ ν, KL → 3π 0 pairs of decays. While
for KS → ππ the π + π − final state can be chosen to take advantage of good
vertex and momentum reconstruction from charged pion tracks in the KLOE
drift chamber, the KL → 3π 0 → 6γ decay reconstruction is a challenging task.
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This process only involves neutral particles resulting in the calorimeter clusters
from six γ hits being the only recorded information. Moreover, this decay has
to be reconstructed in cases where the partner KS decays semileptonically and
the missing neutrino prevents the use of kinematic constraints to aid KL → 3π 0
reconstruction. Therefore, this process requires independent reconstruction.
5

The KL → 3π 0 → 6γ decay vertex reconstruction

The aim of the new reconstruction method is to obtain the spatial coordinates
and time of the KL decay point by only using information on electromagnetic calorimeter clusters created by γ hits from KL → 3π 0 → 6γ. Information available for i-th cluster includes its spatial location and recording time
(Xi , Yi , Zi , Ti ). The problem of localizing the vertex is then in its principle
similar to GPS positioning and can be solved in a similar manner.

(X1 , Y1 , Z1 , T1 )

γ

(x, y, z, t)

c(T1 − t)

Figure 2: A scheme of KL → 3π 0 → 6γ vertex reconstruction in the section
view of KLOE-2 calorimeter barrel (grey circle). Colored dots denote clusters
from γ hits. Left: a set of possible origin points of a γ which created a cluster
is a sphere centered at the cluster (red dashed line) with radius parametrized
by kaon flight time t. Right: intersection point of such spheres for all γ hits is
the KL → 3π 0 → 6γ decay point.
For each cluster a set of possible origin points of the incident γ is a sphere
centered at the cluster with radius parametrized by an unknown γ origin time t
(Figure 2, left). Then, definition of such sets for all available clusters yields a
system of up to six equations:
(Ti − t)2 c2 = (Xi − x)2 + (Yi − y)2 + (Zi − z)2

i = 1, . . . , 6,

(9)
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with the unknowns x,y,z and t. It is then easily noticed that the KL → 3π 0 →
6γ vertex is a common origin point of all photons which lies on an intersection
of the spheres found as a solution of the above system (Figure 2, right). At
least 4 clusters are required to obtain an analytic solution although additional
two may be exploited to obtain a more accurate vertex numerically.
It is worth noting that this vertex reconstruction method directly yields
kaon decay time in addition to spatial location which is useful for time-dependent
interferometric studies such as the T symmetry test.
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Status of measurement of KS → πeν branching ratio and lepton
charge asymmetry with the KLOE detector
Daria Kamińska
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Institute of Physics, Jagiellonian University, Cracow, Poland

Abstract
We present the current status of the analysis of about 1.7 billion KS KL pair
events collected at DAFNE with the KLOE detector to determine the branching
ratio of KS → πeν decay and the lepton charge asymmetry. This sample is
∼ 4 times larger in statistics than the one used in a previous KLOE analysis,
allowing us to improve the accuracy of the measurement and of the related
tests of CPT symmetry and ∆S = ∆Q rule.

1

Introduction

A special role in CPT violation searches plays a neutral kaon system which,
due to a sensitivity to a variety of symmetry violation effects, is one of the
best candidates for such kind of studies. One of the possible tests is based on
the comparison between semileptonic asymmetry in KS decays (AS ) and the
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analogous asymmetry in KL decays (AL ) 3) . So far the AL 4) was determined
with a precision more than two orders of magnitude better than AS 5) . The
present accuracy of AS determination is dominated by the statistical uncertainty. Therefore the aim of this work is a determination of AS with two times
smaller statistical error due to four times bigger data sample and improved
systematical uncertainties. Charge asymmetry is also an important source of
information about the real and imaginary parts of the CPT violating parameter δK . Until now Re(δK ) was known with much worse precision than Im(δK ).
The measurement was performed using KLOE detector 1) located at
DAΦNE accelerator 2) in the National Laboratory in Frascati, Italy. The
experimental data used in this paper has been collected during data campaign
in 2004-2005.
2

Charge asymmetry in neutral kaons semileptonic decays

Neutral kaons are the lightest particles which contain a strange quark. Observed short-living KS and long-living KL are linear combinations of strange
eigenstates (K 0 and K¯0 ):
|KS i = p
|KL i = p

1
2(1 + |S
1

|2 )

2(1 + |L |2 )


(1 + S ) |K 0 i + (1 − S ) |K¯0 i ,
(1)

(1 + L ) |K 0 i − (1 − L ) |K¯0 i .

where introduced small parameter S and L can be rewritten to separate CP
and CPT violation parameters K and δK , respectively:
S = K + δ K ,
L = K − δ K .

(2)

In the Standard Model decay of K 0 (or K¯0 ) state is associated with the
transition of the s̄ quark into ū quark (or s into u) and emission of the charged
boson. Change of strangeness (∆S) implies the corresponding change of electric
charge (∆Q) (see Figure 1). This is so called ∆S = ∆Q rule. Therefore
decays of K 0 → π − e+ ν and K¯0 → π + e− ν̄ are present but K 0 → π + e− ν̄ and
K¯0 → π − e+ ν are not. Decay amplitudes for semileptonic decays of states |K 0 i
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Figure 1: Feynman diagrams for K 0 and K¯0 semileptonic decay.
and |K¯0 i can be written as follows 3) :
hπ − e+ ν| Hweak |K 0 i = a + b
hπ + e− ν̄| Hweak |K¯0 i = a∗ − b∗
hπ + e− ν̄| Hweak |K 0 i = c + d
hπ − e+ ν| Hweak |K¯0 i = c∗ − d∗

(3)

where the Hweak is a part of Hamiltonian corresponding to the weak interaction and a, b, c, d parameters describe the semileptonic decay amplitudes.
Applying the symmetry operators to above amplitudes a set of relations between them can be obtained (Table 1). Semileptonic decay amplitudes can be
associated with the KS and KL semileptonic decay widths through the charge
asymmetry (AS,L ):
Γ(KS,L → π − e+ ν) − Γ(KS,L → π + e− ν̄)
Γ(KS,L → π − e+ ν) + Γ(KS,L → π + e− ν̄)

 
 ∗ 
b
d
= 2 Re (K ) ± Re (δK ) + Re
∓ Re
a
a

AS,L =

(4)

if ∆Q = ∆S

 
b
= 2 Re (K ) ± Re (δK ) + Re
a
if CPT and ∆Q = ∆S
= 2 [Re (K )]
where above equation contains only the first order of symmetry-violating terms.
Moreover, conservation of ∆Q = ∆S rule and CPT symmetry simplifies Equa-
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tion 4. Determination the value of charge asymmetry for KS and KL allows
for tests the fundamental assumptions of Standard Model.

a
b
c
d

CP
Im = 0
Re = 0
Im = 0
Re = 0

T
Im =
Im =
Im =
Im =

CPT
0
0
0
0

∆S = ∆Q

=0
=0

=0
=0

Table 1: Relations between discrete symmetries and semileptonic amplitudes.
The charge asymmetry for KL decays was precisely determined by KTeV
experiment at Fermilab 4) . The measurement was based on 1.9 millions KL →
π ± e∓ ν decays produced in collision of proton beam with BeO target. At present
the most accurate measurement of KS charge asymmetry was conducted by
KLOE collaboration 5) . Obtained charge asymmetry for KS decays is consistent in error limits with charge asymmetry for KL decays which suggest conservation of CPT symmetry. However, this result is dominated by a statistical
uncertainty which is three times larger than the systematic one. Nevertheless
it can be improved by analysing 1.7 fb−1 total luminosity data sample acquired
in 2004 and 2005.
3

Measurement

The KLOE experiment located at DAΦNE φ factory is specially suited for
analysis of KS → πeν decay. The KLOE detector is constituted by two main
components: a drift chamber and an electromagnetic calorimeter, both inserted
into an axial magnetic field (0.52 T). Due to the size of the KLOE drift chamber,
about 40% of KL mesons decay inside the detector while the rest reach the
electromagnetic calorimeter. Detection of KL interaction in the calorimeter
allows to identify a KS meson on the opposite side of φ meson decay point.
In order to select semileptonic decay of KS meson, an additional kinematic
selection is applied. It starts from a requirement of a vertex formed by tracks of
two oppositely charged particles near the interaction point. Those tracks must
be associated to calorimeter clusters. Obtained tracks parameters allow for
identification of charged particles in the final state by applying a Time of Flight
technique.
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Figure 2: Distributions of the time difference for pion mass hypothesis (δt(π))
versus the time difference for electron mass hypothesis (δt(e)). Simulations of
KS → πeν and background events are shown on left and right plot, respectively.
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For each particle, the difference δt between the measured time of associated cluster (tcl ) and time of flight
is calculated assuming a given mass
hypothesis, mx :

4000

3000

L
δt (mx ) = tcl −
,
c · β(mx )
P
,
β(mx ) = p
2
P + m2x

2000

(5)
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where L is a total length of particle
trajectory and P is particle momen- Figure 3: Distribution of ∆E(π, e) =
Emiss − pmiss for all selected events aftum measured by drift chamber. The
ter normalization procedure. Meaning
Time of Flight technique aims at re- of simulated histograms is described in
jection of the background, which is the legends.
mainly due to KS → π + π − events,
and at identification of the final charge states (π − e+ ν and π + e− ν̄). The distribution of difference between missing energy and momentum (∆E(π, e)) shows
remaining background components (see Figure 3). Altogether around 105 of
KS → πeν decays was reconstructed, which will be used to determine the
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charge asymmetry and branching ratio for KS semileptonic decays. The analysis is still in progress and preliminary results will be available soon 6) .
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Testing Models with Higher Dimensional Eective Interactions
at the LHC and Dark Matter Experiments
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Abstract

New physics can be described by eective eld theories in a model independent way. It is possible that the dominant contribution to low-energy eects
of new physics is generated by higher-dimensional operators, which are more
suppressed than the usually discussed ones. Thus neutrino mass models can
be connected to TeV scale physics, for instance. The possible existence of TeV
scale particles is interesting, since they can be potentially observed at collider
experiments, such as the Large Hadron Collider. Higher dimensional eective
operators can also be used to study the interactions relevant for dark matter
detection experiments, which we will also discuss.
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1 Introduction

Non-zero neutrino masses and the existence of dark matter hint to new physics
beyond the Standard Model (BSM). To study BSM physics in a model independent way one can parametrize new physics eects with eective operators
O of mass dimension d > 4 that are added to the SM Lagrangian:
d

Le = LSM +

1
1 d=5
1
O
+ 2 Od=6 + 3 Od=7 + · · · ,
Λ
Λ
Λ

where Λ is the scale where the new particles appear. An example is the so
called Weinberg operator 1)
OW = LLHH ,
(1)
where L is the SM lepton doublet and H the Higgs boson. After electroweak
symmetry breaking it will generate an eective Majorana mass for the neutrinos
v
me ∝
,
(2)
Λ
where v = hHi is the VEV of the Higgs boson. Assuming couplings of order
one, we can conclude that the scale Λ where the new physics appears is close to
the GUT scale, which means it cannot be observed by any current or proposed
collider experiments. Recently, however, it has been discussed in literature
how neutrino masses can be generated by TeV scale physics. One possibility
is that neutrino masses originate from higher-dimensional eective operators,
which will be discussed in the following. For more details see 2) and references
therein.
2

ν

2 Neutrino mass from higher-dimensional eective operators

In models that have additional symmetries and further scalar elds (additional
Higgs doublets H , H or scalar singlets S) it is possible that the leading
order contribution to neutrino mass is generated by operators with d > 5
that are suppressed by higher powers of the new physics scale. 3) 4) In this
case new particles can appear at the TeV scale, which is of interest for collider
experiments such as the LHC. In tab. 1 we show all such operators as extensions
of the next-to minimal supersymmetric standard model (NMSSM) up to d = 9.
Not every of these operators can become the leading contribution to neutrino
u

d
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Op.#

Eective interaction

Charge

Same as

d=5

1

LLHu Hu

2qL + 2qHu

d=6

2

LLHu Hu S

2qL + qHu − qHd

d=7

3
4

LLHu Hu Hd Hu
LLHu Hu SS

2qL + 3qHu + qHd
2qL − 2qHd

d=8

5
6

LLHu Hu Hd Hu S
LLHu Hu SSS

2qL + 2qHu
2qL + 2qHu

#1
#1

d=9

7
8
9

LLHu Hu Hd Hu Hd Hu
LLHu Hu Hd Hu SS
LLHu Hu SSSS

2qL + 4qHu + 2qHd
2qL + qHu − qHd
2qL + qHu − qHd

#2
#2

Table 1: Eective operators generating neutrino mass in the NMSSM up to
d = 9. Not all of those have a distinct charge from lower-dimensional operators
under a discrete symmetry. 4)
mass, even with an additional discrete symmetry. In the following we want to
focus on the d = 7 operator LLH H H H . In the same way the Weinberg
operator can be decomposed into the type-I, type-II and type-II seesaw 5),
also this operator has several possible UV-completions. This means that several
possible underlying fundamental theories can lead to the same eective operator
after integrating out the heavy elds. One example for such a decomposition
is shown in g. 1 and has the superpotential
u

u

u

d

W = Wquarks + Ye êc L̂ · Ĥd − YN N̂ L̂ · Ĥu + κ1 N̂ 0 ξˆ · Ĥd − κ2 N̂ 0 ξˆ0 · Ĥu
+ mN N̂ N̂ 0 + mξ ξˆ0 · ξˆ + µĤu · Ĥd ,

(3)

where N and N are SM singlets similar to right-handed neutrinos and ξ and
ξ are lepton doublets.
This model has some interesting characteristics. Depending on the mass
hierarchy of the mediator elds one can obtain a linear seesaw or an inverse
seesaw scenario at an intermediate scale. After integrating out all the elds
one obtains in both cases an eective neutrino mass
v v
me ∝
, with Λ = m m ,
(4)
Λ
0

0

ν

3
u d
3

3

2
N

ξ
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Figure 1: Decomposition of the d = 7 operator (LLH H )(H H ). 4)
u

u

u

d

which is at the left-handed neutrino mass scale for Λ ≈ O(1 TeV) for couplings
of O(10 ), which is well in the range of the SM Yukawa couplings. This
model is also phenomenologically interesting for collider experiments, since it
contains doublet elds that can be produced in Drell-Yan processes. Since their
mixing to the SM particles is suppressed, they have rather small decay width.
As a consequence displaced vertices can appear. One can also study lepton
number violating (LNV) processes. Since neutral components of the heavy
fermions form so-called pseudo-Dirac pairs one would expect such processes to
be very small. This is indeed the case for processes where these heavy states
are produced in proton-proton collisions and decay to two same-sign leptons
and one W bosons in the nal state. In a numerical study, we were able to show
that for similar processes with two instead of one W boson we can obtain crosssections up to 10 fb, due to the vector like nature of the doublet mediators. 4)
Another aspect of this model is that the introduction of additional particles can
modify the running of the gauge coupling and spoil their unication. This can
be avoided by extending the mediators to full multiplets of a GUT gauge group.
Due to the limited space we would like to refer the reader to the literature 6)
for more details.
−3

−1

3 Eective operators and dark matter interactions

Since the nature of dark matter is so far unknown, its interactions with SM
particles are usually also described by eective operators.
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d=5

(a)


(b)
χχH † H

d=6

χχf f

χχH † HS

d=7

χχf f S
χχf f H

χχ(H † H)2
χχH † HS 2

Table 2: Higher dimensional operators generating dark matter interactions (a)
by direct interactions and (b) via the Higgs portal. 7)
The leading order operators of DM interactions with SM particles are
1
1
O = χχ f f
and
O = χχH H ,
(5)
Λ
Λ
where χ is the dark matter particle (which we assume to be fermionic for the
scope of this discussion) and f is any SM fermion. The second operator O
will also lead to interactions of the dark matter particle with SM fermions via
the so-called Higgs portal,
1
χχf f hHi .
(6)
O =
Λm
Since, so far, no conclusive evidence of dark matter has been found by direct
detection experiments the interaction cross-sections of DM with SM particles
has to be small. This is the case when one replaces O and O by higherdimensional operators that are additionally suppressed. In tab. 2 we show a list
of such possible operators up to d = 7. Other than in the case of the neutrino
masses, these leading order operators cannot be avoided by simply introducing
a discrete symmetry. Instead one has to study potential models in detail and
identify those that generate a higher-dimensional operator without generating
the leading order operator at the same time. A systematic study of these
operators and their UV-completions 7) leads to some interesting observations:
• The UV-completion contains mediators that generate also lower-order
operators.
• Scalar mediators with a VEV can induce a lower dimensional operator.
1

†

H

2

H

2

2
H

1

1
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A mediator is an additional dark matter component that itself has leading
order interactions with SM particles.
These complications rule out most of the possible realizations of such a model.
There exist, however, options that are not constrained by these considerations.
A possible decomposition of the operator χχH HS has the Lagrangian
L#S1 = LSM + λ
χf · φ + λ
S φ · φ + m φ φ + m χχ + · · · + h.c. (7)
It is testable at the LHC and has interesting phenomenological characteristics.
In summary, eective operators are a powerful tool for studying BSM
physics and the additional suppression of higher-dimensional operators has interesting phenomenological consequences that will be tested in current and
future collider and dark matter experiments.
•

†

χf φ

Sφφ

†

φ

†

χ
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Abstract
A search for the standard model Higgs boson decaying into a pair of tau leptons
is performed using events recorded by the CMS experiment at the LHC in 2011
and 2012. The dataset corresponds to an integrated luminosity of 4.9 fb−1 at a
centre-of-mass energy of 7 TeV and 19.7 fb−1 at 8 TeV. An excess of events is
observed over the expected background contributions, with a local significance
larger than 3 standard deviations for mH values between 110 and 130 GeV.

1

Analysis motivations

After the discovery of a new boson with mass close to 125 GeV, announced by
ATLAS 1) and CMS 2) Collaborations on July 4th 2012, the focus aimed at
discerning the properties of this new particle and whether it behaves like the
Higgs boson predicted in the Standard Model.
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In the SM, the masses of the fermions are generated by the interaction
between the Higgs’ and the fermions’ fields through the Yukawa couplings.
The measurements of these couplings are therefore fundamental to completely
identify this boson as the SM Higgs boson.
The di-τ decay channel is the most promising, offering low background
contamination compared to the bb̄ channel and large predicted rate compared
to other leptonic channels.
2

Analysis strategy

The analysis 3) is designed to probe the three main Higgs boson production
mechanisms at LHC: the gluon fusion, the Vector Boson Fusion (VBF) and the
production in association to a W or a Z boson.
2.1

Physics objects

Several physics objects are involved in the analysis: electrons, muons, hadronically decaying taus (τh ), jets and missing transverse energy (6ET ). All of them
are built upon the Particle-Flow (PF) algorithm 4, 5, 6) , that exploits the
information from the all the CMS subdetectors to identify the stable particles
generated in the event.
Fig.1 shows the mass of the visible products of the τh , reconstructed using
the Hadron Plus Strip (HPS) algorithm 7) that identifies the main decay modes
of the τh , out of charged hadrons and photons.
2.2

Backgrounds

In the µτh , eτh , τh τh and eµ channels, the largest source of irreducible background is the Drell-Yan production of Z → τ τ . Other important sources of
background are constituted by W+jets processes, contributing significantly to
the µτh and eτh channels when the W boson decays leptonically and a jet is
misidentified as a τh , QCD processes, contributing mostly to the τh τh channel
when two jets are misidentified as τh , and tt̄ processes decaying into the fully
leptonic, opposite flavor final state, contributing to the eµ channel.
The Drell-Yan production of Z → `` is the largest background in the ``
channels whilst the di-bosons processes are a relevant source of contamination
for the WH and ZH channels.
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Figure 1: Observed and predicted distributions for the visible τh mass, mτvis
, in
the µτh channel after the baseline selection. The Z → τ τ contribution is then
split according to the decay mode reconstructed by the HPS algorithm as shown
in the legend. The mass distribution of the τ built from one charged hadron
and photons peaks near the mass of the intermediate ρ(770) resonance; the
mass distribution of the τh built from three charged hadrons peaks around the
mass of the intermediate a1 (1260) resonance. The τh built from one charged
hadron and no photons are reconstructed with the π ± mass, assigned to all
charged hadrons by the PF algorithm, and constitute the main contribution to
the third bin of this histogram.

All the most important backgrounds are entirely derived from data or
controlled in data sidebands.
2.3

Event classification

For the Higgs boson production through gluon fusion and VBF, all the six di-τ
final states are considered: µτh , eτh , τh τh , eµ, µµ, and ee.
The events are then classified in exclusive categories, according to the
number of reconstructed jets in the final state and, in particular, the contribution of the VBF production process is enhanced by requiring a large rapidity
gap between the two jets with the highest transverse momentum. Moreover,
the transverse momentum of the τ (for µτh , eτh channels) or the µ (for eµ chan-
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nel) and the transverse momentum of the Higgs candidate are used to further
split the events in order to enhance the sensitivity.
For the Higgs boson production in association with a vector boson, the
presence of one or two additional light leptons, compatible with the presence
of a W or a Z boson respectively, is required.
Four channels are considered for at the WH process: µ + µτh , µ + eτh /e + µτh ,
µ + τh τh and e + τh τh , whilst eight channels are aimed at ZH process: `` + µτh ,
`` + eτh , `` + τh τh , `` + eµ, where `` can be either µµ or ee.
2.4

Signal extraction

The signal extraction is carried out through a global, binned, maximum likelihood fit based on the following final discriminating variables:
• the invariant mass of the di-τ pair, mτ τ , reconstructed using the svfit
algorithm 3) from the four momenta of the visible decay products of the
Higgs and the E
6 T , is used for all the channels except for µµ, ee and WH;
• the mass of the visible decay products of the Higgs, mvis is used for WH
channels. The mτ τ is not used because the contributions to the E
6 T are
from both the neutrinos coming from the Higgs and the neutrino coming
from the W boson;
• the output distribution of a multivariate discriminator, comprising various kinematic and topological variables, is used for µµ and ee channels
The expected number of signal events is the one predicted by the SM for
the production of a Higgs boson of mass mH decaying into a pair of τ leptons,
multiplied by a signal strength modifier µ treated as free parameter in the fit.
The contribution from the H → WW process, decaying into lepton pairs, ee, µµ
or eµ is non negligible, especially in the eµ case, and it is treated as background
throughout except where explicitly noted.
The systematic uncertainties are represented by nuisance parameters that
are varied in the fit according to their probability density function, affecting
both the shape and the yields of the different contributions.
3

Results

An excess of events over the background-only hypothesis is observed with a local
significance larger than 3 standard deviations for Higgs boson mass hypotheses
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between mH = 115 and 130 GeV, and equal to 3.2 standard deviations at
mH = 125 GeV, to be compared to an expected significance of 3.7 standard
deviations (Fig.2, right). The best-fit value for µ, combining all channels, is
µ̂ = 0.78 ± 0.27 at mH = 125 GeV. The mass of the Higgs boson has been
measured by performing a scan of the negative log likelihood as a function of
mass mH (Fig.3, left), resulting in a best-fit mass mH = 122 ± 7 GeV.
The results are compatible with the prediction of a SM Higgs boson at
125 GeV and they constitute the evidence for the coupling between the τ lepton
and the Higgs boson discovered by the ATLAS and CMS Collaborations.
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CMS H→ττ, 4.9 fb-1 at 7 TeV, 19.7 fb-1 at 8 TeV
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Figure 2: The plot on the left shows the combined observed and predicted mτ τ
distributions for the µτh , eτh , τh τh , and eµ channels. The signal distribution is
normalized to the SM prediction (µ = 1). The distributions obtained in each
category of each channel are weighted by the ratio between the expected signal
and signal-plus-background yields in the category, obtained in the central mτ τ
interval containing 68% of the signal events. The inset shows the corresponding
difference between the observed data and expected background distributions,
together with the signal distribution for a SM Higgs boson at mH = 125 GeV.
The plot on the right shows the local p-value and significance in number of
standard deviations as a function of the SM Higgs boson mass hypothesis for
the combination of all decay channels. The observation (solid line) is compared
to the expectation (dashed line) for a SM Higgs boson with mass mH .
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CMS H→ττ, 4.9 fb-1 at 7 TeV, 19.7 fb-1 at 8 TeV
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Figure 3: Scan of the negative log-likelihood difference, −2∆ ln L, as a function of mH (left) and as a function of κV and κf (right). For each point, all
nuisance parameters are profiled. The observation (solid line) is compared to
the expectation (dashed line) for a SM Higgs boson with mass mH = 125 GeV.
For the likelihood scan as a function of κV and κf , and for this measurement
only, the H → W W contribution is treated as a signal process.
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Abstract
In this work we present the study of the decay t → bW + `− `+ (` = e, µ, τ ),
which diverges for massless di-leptons, and it can reach a branching fraction
O(10−6 − 10−5 ) for reasonable values of the low energy cut in the leptonpair invariant mass. This rate surpasses almost any other rare decays such
as t → cX (X = γ, Z, g, H, W + W − ), and thus offers the possibility of being
detectable at the LHC. In addition, we also discuss the same-charge di-leptons
production in ∆L = 2 decays t → bW − `+ `+ as a possible probe of New Physics
inducing lepton number violating transitions.

1

Introduction

The top quark is the heaviest fermion in the standard model (SM), and frequently considered as a hint that could help us to understand the nature of
electroweak symmetry breaking. Therefore, it is very important a detailed
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study of the top quark properties, couplings, production mechanism and decay
modes. With a mass of mt = 173.34 ± 0.27 ± 0.71 GeV1 [LHC/Tevatron] 1) ,
it is known that the top is the only fermion massive enough to undergo first
order weak decays, such that its dominant decay channel t → bW + . Recently,
NNLO QCD corrections to its decay width Γt have been calculated 2) .
The dominance of the 2-body decay mode t → bW + suppresses considerably any other decay channel, making them hardly detectable. These
include the decay modes t → s(d)W + , with branching fractions of the order
BR ∼ 10−3 (10−4 ), which contribute altogether less than one per mille to Γt . In
the case of 3-body decay modes, the radiative channels t → bW + γ (t → bW + g)
can reach BR ∼ 10−3 (10−1 ) for photon (gluon) energy of 5 GeV 3, 4) ; while
for t → bW + Z 4, 5, 6, 7) and t → bW + H 4, 7, 8) , the corresponding
BR are even smaller. Similarly, the FCNC modes t → cX (X = γ, g, Z, H),
t → cW + W − (ZZ, γγ) and t → c`− `+ 9) have an extremely suppressed BR, although some of them involve very interesting dynamical mechanisms and have
been suggested as possible probes of New Physics (NP), see for instance 9) .
In this paper we study the di-lepton production in the 4-body top quark
decays t → bW + `− `+ (` = e, µ or τ ) 10) . The rates of these decays are of
order α2 with respect to t → bW + and have a divergent behavior for massless
leptons due to the k −2 dependence of the photon propagator. Additionaly, we
+
consider the lepton number violating (∆L = 2) decay t → bW − `+
i `j , which
has been suggested as a signal of New Physics (NP) 11, 12) .
2

Four-body decay t → bW + `− `+

Let us consider the lepton-pair production in top quark decays t → bW + `− `+
with ` = e, µ or τ 10) . The relevant diagrams for this decay are shown in Fig. 1.
The diagrams Fig. 1(a)-(c) are generated by demanding that the virtual photon
(Z boson) converts into a lepton-pair. An additional contribution induced by
a neutrino exchange is shown in Fig. 1(d). The full set of diagrams is required
in order to fulfill independence upon the electroweak gauge parameters.
The contributions of the Z-boson exchange, as well as the neutrino exchange, are suppressed and the dominant photon-exchange contribution to the
amplitude of the channel t(pt ) → b(pb )W + (pW ) `− (p1 )`+ (p2 ) is written as 10)
h
i
 −ige 
− +
µν
VtbCKM εW
+ Qb Tbµν + QW TWµν ut , (1)
M`top` = √
µ `ν ūb Qt Tt
2
where `ν = e[ū(p1 )γν v(p2 )]/k 2 , with k = p1 +p2 the virtual photon momentum,
1

In numerical evaluations we use this value of the top quark mass.
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Figure 1: Feynman diagrams that contribute to t → bW + `− `+ .
(Qb , Qt , QW ) are the particles electric charges in units of e, and εW
µ is the fourvector polarization of the W boson. The CKM quark mixing matrix element
is taken as VtbCKM = 1. The propagator of the W boson in the unitary gauge is
2
2
2
denoted by ∆W
αβ (h) = (−gαβ + hα hβ /MW )/(h − MW ), with h = pW + k. The
µν 2
Ti (k ) tensors are given by
Ttµν (k 2 )
Tbµν (k 2 )
TWµν (k 2 )

(p/t − k/) + mt ν
γ ,
k 2 − 2pt · k
(p/b + k/) + mb µ
γ PL ,
= γν 2
k + 2pb · k

= γ µ PL

βµν
= γ α PL ∆W
αβ (h)ΓW W γ ,

(2)
(3)
(4)

where Γβµν
W W γ is the triple gauge boson vertex, with our assignment of momenta
W (p + k) → W (p )γ(k) 10) .
W

W

In Figure 2 [Left] we plot the invariant mass distribution of the lepton pair
for the three lepton flavors. This observable is peaked close to the threshold for
lepton pair production owing to the 1/k 2 dependence of the photon propagator
from the decay amplitude. As it can be checked, this spectrum diverges in the
soft limit for massless leptons (k 2 → 0); making necessary the introduction of
2
.
an infrared cutoff kcut
`− `+
Defining the branching ratio BRtop
≡ Γ(t → bW + `− `+ )/Γ(t → bW + ),
+
where Γ(t → bW ) is the decay width at leading order of the dominant mode
of the top quark 13) , we get values of branching fractions 10)
− +

BRetope

,µ− µ+

− +

= 6.31 × 10−6 , BRτtopτ = 9.15 × 10−6 ,

(5)

2
for di-leptons invariant masses larger than kcut
≥ 20 GeV2 . These results exhibit the good behaviour as determined by the O(α2 ) of the decay rates 10) . In
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Figure 2: [Left] Normalized invariant-mass distribution for e− e+ (solid line),
µ− µ+ (long-dashed line) and τ − τ + (short-dashed line) channels. [Right] Fractions BRX
top as a function of Ecut for the radiative channel (X = γ) and leptonpair channels (X = e− e+ , µ− µ+ ).
addition, for consistency, in Figure 2 [Right] we compare the IR divergent behavior of the decay rates for t → bW + e− e+ (µ− µ+ ) (solid-line) and t → bW + γ
[see Ref. 10) for details] (dashed-line) as a function of Ecut . By notation, in
the case of the radiative decay Ecut = Eγ,cut corresponds
to the photon energy
p
2 is the squared root of the
cutoff, while for the four-body channel Ecut = kcut
invariant mass for the lepton pair. As expected from the perturbative point of
view, we observe that these ratios are of order O(α2 ) and O(α), respectively,
for relatively low values of the corresponding IR cutoffs (of the order Ecut ' 3
GeV).
3

∆L = 2 decays of the top quark t → bW − `+ `+

Lepton number violating (LNV) transitions can induce ∆L = 2 processes in
4-body top quark decays to final states containing a same-charge lepton pair
+
(with the same or different flavor): t → bW − `+
i `j (`i,j = e, µ, τ ). These kind
of rare decays are forbidden in the SM and their observation would imply the
non-conservation of the lepton number. These ∆L = 2 top quark decays can be
mediated by heavy virtual particles that induce LNV transitions as a possible
NP effects 11, 12) . In particular, a heavy Majorana neutrino with a mass
in the range (MW + m`j ) ≤ mN ≤ (mt − mb − m`i ) can induce these LNV
processes 11) , as is shown in Fig. 3.
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Figure 3: Feynman diagram of ∆L = 2 top quark decays induced by virtual heavy Majorana neutrino (A similar diagram obtained from the lepton
exchange `i  `j must be added).
The amplitude associated of ∆L = 2 top quark decays is given by 11)
`+ `+

i j
(Mtop
)N

 g 3
W
√
VtbCKM [ūb γ µ (1 − γ5 )ut ]∆W
µν (Q)εα
2 2
×V`i N V`j N mN ūi [FN γ ν γ α ](1 − γ5 )ucj − (`i  `j ),

= i

(6)

where V`i N (V`j N ) is the matrix element of the mixing between charged leptons
`i (`j ) and heavy neutrino N , and FN = [(Q − pi )2 − m2N + imN ΓN ]−1 is the
resonant factor, with (Q − pi ), mN and ΓN the heavy neutrino virtuallity,
mass and decay width, respectively. In the case of the same-charge di-lepton
`+ `+

i j
+
≡ Γ(t → bW − `+
channel e+ e+ , the branching fraction BRtop
i `j )/Γ(t →
+ +

e e
bW + ) is very suppressed of the order BRtop
. 10−13 , due to the strong
constraints that neutrinoless double beta decay impose on the heavy netrino
P
2
sector, N VeN
/mN < 5 × 10−8 GeV−1 14) . On the other hand, using the
limits on the elements |VµN |2 < 3 × 10−3 and |Vτ N |2 < 6 × 10−3 that provide
electroweak precision test 14) , we get for the channels µ+ µ+ and τ + τ + BR of
the order
+ +
µ+ µ+
(7)
BRtop
< 1.4 × 10−7 , BRτtopτ < 6.1 × 10−7 ,

respectively, for mN = 100 GeV.
4

Concluding remarks

In the present work we have studied the di-leptons production in 4-body top
quark decays. We have considered the SM allowed channels t → bW + `− `+
as well as the ∆L = 2 channels t → bW − `+ `+ that can be induced by a
heavy Majorana neutrino. After the restart, it is expected that a centre-ofmass energy of 14 TeV the LHC can reach an integrated luminosity of L = 100
fb−1 (or even larger) where it will become in a “top quark factory”. Having
about 107 − 108 tt̄ pairs produced per year, branching fractions of the order
10−7 − 10−6 (as the ones obtained in this work) may be detectable, depending
on the signal.
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Abstract
The largest of the ATLAS Phase-1 upgrades of the Muon Spectrometer concerns the replacement of the first muon station of the high-rapidity region with
the so called New Small Wheel (NSW), that will be installed during the next
Long Shutdown in 2018. The NSW employs Micromegas (MM) and smallstrip Thin Gap Cahmbers (sTGC) detectors, which will allow to reconstruct
the muon momentum with a resolution better than 15% at PT ∼ 1 T eV . In this
paper, the performance of MM chambers and, in particular, the spatial resolution and the efficiency, obtained using data from different test beam campaings,
will be described.

1

Introduction

Two long shutdowns, LS2 and LS3, are planned for the ATLAS detector, rispectively in 2018 and 2022. After LS3, the luminosity will be increased up to
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6 ÷ 7 · 1034 cm−2 s−1 and the number of pile-up events will be ∼ 200. Therefore,
a very high rate in the forward region of the Muon Spectrometer (especially in
the Small Wheel) is expected, with a resulting increase of detectors inefficiency.
The luminosity increase of the LHC will require an upgrade of the ATLAS detector, in order to keep the excellent performance of today in the new
running conditions at higher energy. The forward part of the Muon Spectrometer will be replaced with the New Small Wheel (NSW), that will guarantee
higher rate capabilities and a better performance for the Level-1 muon trigger.
The expected rate at the ultimate luminosity of LHC is expected to be about
15 KHz/cm2 on the New Small Wheel.
2

Micromegas Technology

Micromegas (MICRO MEsh GAseous Structure) chambers belong to the family of Micro Pattern Gaseous Detectors (MPGD). They consist of a planar
electrode (drift cathode), a gas (Ar : CO2 ) gap of 5 mm thickness, acting as
conversion and drift region, and a thin metallic mesh positioned at 128 µm
distance from the readout electrode, creating the amplification region [1]. As
shown in Fig.1, charged particles, traversing the drift space, ionize the gas.
The electrons, liberated by the ionization processes, drift towards the mesh (in
some tens of nanoseconds) and in the thin amplification region the electron
avalanche takes place (Gain ∼ 104 ). The charge is collected by resistive strips,
capacitively coupled to the read-out strips.

Figure 1: Layout and operating principle of a Micromegas chamber.
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3

Track reconstruction

Two methods can be used to reconstruct the point of passage of a particle
through the MM chamber.
3.1

Charge Centroid Method

Charge centroid method is based on ”neighbouring strips alghoritm”, that allows to group several fired strips into a cluster. It works very well for tracks
perpendicular to the MM chamber [2]. The X coordinate is obtained using the
weighted mean shown in (1):
P
qi xi
X = Pi
(1)
i qi
where xi is the strip position and qi is the maximum value of the collected
charge on that strip. The summation is extended over all strips of a specific
cluster.
3.2 µT P C Method
As in the Time Projection Chambers, the µT P C method, used for impact
angles larger than 10◦ , exploits time information in order to obtain the coordinate perpendicular to the readout plane. The drift time (tdrif t ) of the electrons,
produced during the ionization processes in the drift region (5 mm thick), is
obtained by a Fermi-Dirac fit of time sampled signal of each strip. In this way,
using z − t relation (z = tdrif t × vdrif t ), it’s possible also to reconstruct a local
track segment in each chamber [3]. Using the gas mixture of Ar : CO2 and the
voltages shown in Fig.1, the electrons drift velocity is ∼ 47 µm/ns.
4

Test Beam Data Analysis

The analysis described in this paper has been perfomed using data recorded
during different test beam campaigns, in particular at CERN with 120 ÷
150 GeV π − and at DESY with an e− beam of 1 ÷ 6 GeV . Two different
10 × 10 cm2 size MM chambers prototypes have been tested:
• Tmm chambers with 250 µm strips pitch and XY readout;
• T chambers with 400 µm strips pitch and X readout.
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MM chambers strips are read-out using the APV25 chips, sampling the signal
every 25 ns. The test beams, indicated above, offer the possibility to study
MM performance under different conditions of angle (0◦ ÷ 40◦ ), magnetic fields
(0 T ÷ 1 T ) and operating voltages.
4.1 µT P C optimization
A small angular bias is observed due to capacitative induction of the signal
on neighbouring strips. The effect, clearly, is more evident on the first and
last strip of the cluster. This causes a small angular bias on the reconstructed
tracks, as shown in Fig.2. A possible correction consists in:
• don’t use first and last strip if its charge is more than 6 times smaller
than its neighbour;
• correct the charge position for the edge strips of the cluster according to:

2   

clusterlength
pitch
q0
irst
xfcor
=
·
·
6
q1
2

2 
 

clusterlength
qn
pitch
last
·
·
xcor =
6
qn−1
2
After the correction, a significant improvement in the µT P C angular resolution
is observed.

Figure 2: Left: sketch of the capacitative induction of the signals on neighbouring strips. Center: reconstructed angles before and after the correction.
Right: angular resolution of a single MM chamber as a function of the beam
incidence angle, before and after correction.
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4.2

Spatial resolution

The spatial resolution has been studied exploiting both the charge centroid and
the µT P C methods. It was measured using two MM chamber (specified by i
and j indices) with the same orientation in respect to the beam direction and
evaluating the distribution width of the following quantities:

 √
• xicentroid − xjcentroid / 2
for the centroid method,
•



 √
xihalf − xjhalf / 2

for the µT P C method,

in which xcentroid is the charge centroid X coordinate while xhalf is the X
coordinate of the track segment, reconstructed using uTPC, at half drift gap.

Figure 3: MM spatial resolution as a function of the beam incidence angle
(results on July ’12 CERN test beam data). In the NSW the typical angles of
incidence are expected to be between 8◦ ÷ 35◦ .
A double gaussian fit was performed in order to take into account the tails of
the distribution [4] and the σ of the narrow gaussian has been used as indicator
of the resolution, found to be better than 100 µm in the full angular range, as
shown in Fig.3.
4.3

Micromegas inefficiency

The MM chamber inefficiency is obtained by tracking through all chambers
but one and looking for missing hits in the test chamber. For this study, June
’13 DESY test beam data have been used. The plot in Fig.4 (referred to a T
chamber with HV = 500 V and θ = 0◦ ) shows that inefficiencies are mostly
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due to the pillars, where the mesh is held tensioned. Pillars have a diameter
300 µm and are spaced by 2.5 mm. For this study, three kinds of inefficiencies
have been defined:
• hardware inefficiency (1 − h ) → no hit in T3 chamber;
• cluster inefficiency (1 − c ) → no cluster in T3 chamber;
• software inefficiency (1 − s ) → no cluster within 10 σ from extrapolated position in T3 chamber.

• 1 − h = 0.19%
• 1 − c = 1.34%
• 1 − s = 1.95%

Figure 4: Inefficiencies as a function of
the extrapolated position on T3 chamber.
An average inefficiency less than 2% is observed for runs with tracks at θ = 0,
while an efficiency improvement is observed at larger angles.
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