
C
ER

N
-T

H
ES

IS
-2

01
6-

32
4

24
/0

1/
20

16

Faculty of Science

GEM Performance Studies in CMS Experiment

with Four Muons Final State

Thesis Submitted
In

Partial Fulfillment for the requirement of
Master degree of Science (Nuclear Physics)

To
Physics department, Faculty of Science

Helwan University, Cairo, Egypt

By
Waleed Ahmed Mohammed Esmail

B.Sc. Physics, 2009

2016



GEM Performance Studies in CMS Experiment

with Four Muons Final State

Thesis Submitted
In

Partial Fulfillment for the requirement of
Master degree of Science (Nuclear Physics)

To
Physics department, Faculty of Science

Helwan University, Cairo, Egypt

By
Waleed Ahmed Mohammed Esmail

B.Sc. Physics, 2009

Supervisors:

1. Prof. Dr. Mohamed Nabil Yasein.
Physics Department, Faculty of Science, Helwan University.

2. Dr. Ahmed Ali Abdelalim.
Physics Department, Faculty of Science, Helwan University.

3. Dr. Yasser Mohamed Assran.
Math and Science Department, Faculty of Pet. and Min. Engineering, Suez

University.



Dedicated To the soul of
my Father ...

i



Acknowledgements

Firstly, I would like to express my sincere gratitude to my advi-
sor Prof. Mohammed N.Yaseen, Professor, in Physics department at
Helwan University for his continuous support of my Master study and
related research, for his patience, motivation, and immense knowledge.
His guidance helped me in all the time of research and writing of this
thesis. I could not have imagined having a better advisor and mentor.

I want to express my grateful to my advisor Dr. Ahmed Ali Ab-
delalim, Lecture in Physics Department of Helwan University for his
continual patience, outstanding guidance, invaluable discussions, sup-
port in various ways throughout my work, sharing expertise, support
he has given me throughout this work and giving me the chance to
run this work.

Special thanks to my advisor Dr. Yasser Assran, Physics Depart-
ment of Suez Canal University, for his continual patience and helping
me in the GEM performance part of my thesis.

My sincere thanks also goes to Prof. Amr Mohammed, Professor of
Physics, Center for Fundamental Physics, Zewail City for Science and
Technology, for his insightful comments and encouragement, but also
for the hard question which incented me to widen my research from
various perspectives.

Special thanks to Dr. Mohamed Attia, Physics Department of Fay-
oum University, for helping me in the first time in dealing with CMS
software.

Also I wish to thank Prof. Amin Fahiem, Professor, at Physics
department of Helwan University for his advice, help and support.
And I take this opportunity to express gratitude to all the staff of the

ii



Chapter 0

physics department at Helwan University for kind collaboration, help
and support.

Special thank to my friends for their kind help and support.

Many thanks to my dear wife, for her support and endless patience,
I am indebted to you for your unconditional love and care, and helping
me in writing my master thesis.

Last but not the least, I would like to thank my family, for sup-
porting me spiritually throughout writing this thesis and my life in
general.

Waleed,

iii



Abstract

The standard model (SM) of particle physics, although it is a very
successful theory and compatible with all experimental results, it has
a number of shortcomings, in particular it provides no answer for the
three generations of fermions. Compositeness models try to solve this
problem by postulating that quarks and leptons might be compos-
ite objects of fundamental particles. Due to their substructure, these
models predict the existence of excited states of SM particles, in par-
ticular excited quarks q∗ and excited leptons l∗.

In the first part of the thesis we present a phenomenological study of
excited muons µ∗ at center of mass energy

√
s = 14 TeV and integrated

luminosity of 300fb−1 respectively. These excited muons are produced
via contact interactions at an energy scale Λ either singly in conjunc-
tion with a SM particle or in pairs. The considered channel here is the
single production, in particular the decay channel pp → µµ∗ → µµZ,
with the Z gauge boson decaying into two muons. So there will be 4µ
final state, and it will be considered as a signature in the detector.
Although this branching ration is small; it is considered a clean chan-
nel. The main irreducible background is pp → ZZ → 4µ. It is irre-
ducible and overwhelming contributes about 90% of the total back-
ground expectations. The compositeness scale Λ, and the mass of
the excited muon are free parameters in the theory. The mass range
considered is between (0.5 ∼ 5 TeV) with a step of 0.5TeV, and a
compositeness scale Λ = 10 TeV.

Signal samples are generated using Pythia 8.2 Monte Carlo event
generator at Leading Order (LO) accuracy using CTEQ6L1 parton
distribution function (PDF). The signal events are then passed to
Delphes fast simulation tool to simulate the CMS detector response
and reconstruct the final state particles. Some SM processes give the
same final state as our signal, and is considered as a background.
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Background events is generated using Madgraph event generator in-
terfaced with pythia for haronization and parton showering, and then
passed to Delphes for detector simulation.

In the second part of the thesis, we provide a GEM performance
study using the four muon channel of excited muons. Gas Electron
Multiplier is gaseous detector that would be introduced in high eta
end-cap region of CMS detector at 2019 for tracking and triggering of
muons as it can effectively differentiate effectively between low pT and
high pT muons. The installation of GEM will restore robustness and
redundancy thereby affording fully efficient and clean reconstruction
of muons by improving muon momentum resolution and providing a
highly efficient trigger and reconstruction capability.

v
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Chapter 1

The Standard Model and Beyond

1.1 Introduction

Particle physics tries to answer the ancient question ”What is the
world made of?!”. The ancient Greeks were the first to answer this
question by proposing that matter is composed of tiny fundamental
particles or building blocks they called atoms.

It was only in more recent times that individual elements or atoms
were discovered. In 1879 J.J Thomson discovered the electron with
his famous experiment on Cathode Ray Tube, soon afterwards Sir
Rutherford through his most famous experiment theorized the atoms
have their charge concentrated in a very small nucleus ( 10−5 times
the size of the atom) and containing almost all the mass of the atom,
subsequently the hydrogen nucleus was called the proton, but it was
not until 1932 with Chadwick’s discovery of the neutron the struc-
ture of the atom become clear. These three particles accounted for
the structure of matter. But with the discovery of positrons, muons,
pions, strange particles, neutrinos and a plethora of other particles, a
whole new world was uncovered.

Due to this plethora of elementary particles Murray Gell-Mann in
1961 introduced the so called Eight-Fold Way which is considered as a
periodic table of elementary particles. Eight-Fold Way arranged par-
ticles in various symmetrical geometrical patterns according to their
quantum numbers, this scheme was very successful and led to the
prediction of a particle called Ω−. In 1964 the Quark Model was
introduced by Gell-Mann and Zweig to explain the structure of the
Eight-Fold Way. They proposed that all hadrons are composite par-
ticles made of particles called quarks. The Quark Model gained ac-
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ceptance, and by 1978 a well-tested theory called the Standard Model
of particle physics had emerged which accommodate all experimental
observations in the simplest manner.

1.2 The Standard Model

The Standard Model (SM) of particle physics [1, 2] postulates that
the universe we live in consists of three families of fermions classed
into leptons and quarks. These classification is according to the way
quarks and leptons interact, and for each fermion there exist an anti-
fermion of the same mass and quantum numbers except of an opposite
electric charge.

Up until the moment of writing this thesis, there are four known
fundamental forces of nature which are gravity, weak force, electro-
magnetic force, and strong force. All forces or some of them exist
between the fundamental particles of the SM and all of them are non
contact forces, which means that there exist a force carrier (mediator)
between particles. However at accelerator energies, gravity is a weak
force relative to the others, consequently the SM explains only the
three other forces.

The forces between the fermions are mediated by particles known as
gauge bosons. The force is visualized as being due to the exchange of
field quanta which arise in the framework of Quantum Field Theory
(QFT) [3].

The SM combines Quantum Chromo-Dynamics (QCD) and Electro-
Eeak (EW) theory to describe particles and their interactions in the
framework of QFT.

1.2.1 Fermions

Fermions are half-integer spin particles which obey Fermi-Dirac
statistics and Pauli Exclusion Principle, they are further divided into
Leptons and Quarks. Both quarks and leptons are organized in three
generation families.

• Leptons: The leptons are; electron (e), muon (µ), tau (τ), neu-
trino electron (νe), neutrino muon (νµ) neutrino tau (ντ) and their
corresponding anti-leptons. The electron, muon, and tau interact

3
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via electromagnetic and weak force, while neutrinos interact only
via weak force.

• Quarks: The quarks are: up (u), down (d), strange (s), charm (c),
bottom (b), top (t), and their corresponding anti-quarks. The
quarks carry a fractional charge, and interact via strong force as
well as electromagnetic and weak forces.

The strong force binds quarks together to form mesons (quark-
antiquark pair), baryons (three quarks bound state), and anti-baryons
(three anti-quarks bound state). Because quarks obey Pauli exclusion
principle they cannot form a baryon unless they assigned a ”color
charge”, it was formulated that each quark comes in three colors, red,
green, and blue. These colors have nothing to do with actual color,
they are just labels to distinguish among different quarks.

1.2.2 Interactions and their Mediators

Interactions are the way that particles influence each other, all par-
ticles and anti-particles in the SM interact via three of the fundamental
forces, electromagnetic, weak, and strong interactions.

Each Force in the SM is described by exchange of a field quanta
called gauge boson. These bosons are spin-1 particles, and obey Bose-
Einstein statistics. The different interactions that the SM describe are
summarized below:

• Electromagnetic interaction: The electromagnetic interaction oc-
curs between particles that carry electric charge and it is a long
range force. The electromagnetic interaction framework is called
Quantum Electrodynamics (QED). The field quanta of QED is
the photon (γ). Thus photons are the mediator of electromag-
netic interaction. Now we know that QED is a U(1) Abelian
gauge group [4, 5]; that is it obeys the symmetry of U(1) group.

• Weak interaction: The weak interaction acts between quarks and
leptons and it is a short range force (10−18 m). Weak interac-
tion is classified into charged or neutral interactions depending
on whether the particle participating in a weak interaction suffers
a change of electric charge or not. The weak force is mediated by
the massive (W±) and (Z0) gauge bosons. It is best understood
in terms of EW theory [6].
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• Strong interaction: Color charges gives rise to the strong interac-
tion which binds quarks together to form hadrons (baryons and
mesons) as well as binding protons and neutrons to form nuclei.
The gauge bosons that mediate the strong force are the gluons (g),
gluons are mass-less and so the strong force is a long range force.
There are eight gluons which carry color charge, and consequently
gluons have self interaction vertices according to the QFT. QCD
is the gauge theory associated with strong interaction, which de-
scribed by the group SU(3). In QCD, no individual quark can
be detected, this feature can be explained by color confinement
hypothesis which states that no object with non-zero color charge
can propagate as a free particle [7].

The relative strengths of the forces associated with the different
gauge bosons are indicated in table [1.1]. It should be noted that these
numbers are indicative and the strengths of the forces may depend on
the distance and energy scale being considered.

Force Strenght Gauge Boson

Strong ∼ 1 Gluons

Electromagnetic ∼ 10−3 Photons

Weak ∼ 10−8 W± and Z0

Table 1.1: The relative strengths of fundamental forces of the SM at distance of 10−15 m.

1.2.3 Higgs Boson

The final element of the SM is the Higgs boson, which was dis-
covered recently in July 2012 by the ATLAS and CMS collaborations
independently at the Large Hadron Collider (refer to chapter 2). The
Higgs boson plays a special role in the SM; it provides the mechanism
by which all other particles acquire mass.

The mechanism of which particle acquire mass in a process known
as spontaneous Electro-Weak Symmetry Breaking (EWSB) of Higgs
mechanism, the idea is to suppose that the vacuum contains a back-
ground scalar field known as the Higgs field [8], this field has a nonva-
nishing vacuum expectation vale (VEV) for the ground state so that
it is no longer an exact symmetry of the Lagrangian. The symmetry
is not destroyed but it is merely rendered hidden. The result is that
the W± and Z0 quanta, when propagating through the Higgs field
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acquire mass.

Fundamental particles, and force mediators and their corresponding
properties are shown in figure [1.1].

Figure 1.1: Fermions and gauge bosons of the Standard Model of Particle Physics.

1.3 Motivations to go Beyond The Standard Model

The Standard Model has been tested for decades and has proven
to be extremely successful. Although, it is rightly believed that it is
not the complete or the final answer. There are fundamental physical
phenomena in nature that the Standard Model does not adequately
explain, these are summarized below:
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• Gravity: the SM does not account for the gravitational force,
moreover the SM is not compatible with the most successful the-
ory of gravity to date, the General Theory of Relativity.

• Neutrino masses: according to the SM, neutrino are mass-less
particles. However experiments show that a neutrino created with
specific flavor can be measured to have a different flavor. These
neutrino oscillation experiments is not possible if the neutrino
have zero mass.

• Dark matter and Dark energy: some cosmological observa-
tions tell us the SM explains about 5% of the matter and energy
present in the universe, the rest is the so called Dark matter 26%,
and Dark energy 69%. The SM does not support any fundamental
particles that are good dark matter candidate, yet the SM does
not explain dark energy [9].

• Matter anti-Matter asymmetry: The atoms in our local re-
gion of the Universe are formed from matter particles, rather than
their equivalent anti-matter particles. The predominance of mat-
ter is believed to have arisen in the early universe. The predom-
inance of matter over anti-matter can be attributed to violation
of the CP symmetry. Yet, no mechanism sufficient to explain this
asymmetry exists in the SM and CP-violation incorporated into
the CKM matrix [10] is indeed not enough.

• Free parameters: the SM contains 19 free parameter that must
be determined by experiment, and offers no explanation for many
of the puzzling aspects such as the origin of the free parameters.

• Hierarchy problem: one of the fundamental questions of parti-
cle physics is why there are so many orders of magnitude between
the Planck scale (10−35 m) and the weak scale (10−8 m) without
any intermediate physics.

• Three generations of matter: the SM is unable to explain why
there are three generations of quarks and leptons, why there is a
mass spectrum of generations.
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1.4 Compositeness of Fermions

Compositeness models [11, 12, 13] tries to solve some of the short-
comings of the SM. It assumes that particles of the SM are not any-
more fundamental, but composed of more fundamental particles called
preons which interact via a new strong gauge interaction.

Different reasons come to mind to motivate this idea, first of all the
proliferation of particles, second the large numbers of free parameters
of the SM, and the need to compute the parameters of the model from
some deeper theory, third the gap between the weak and gravity scales
(10−8 and 10−35 m respectively), and finally may be the mankind’s cu-
riosity to know the most fundamental building blocks of our universe.

Below a certain characteristic scale called Compositeness Scale Λ,
the gauge interaction becomes strong and binds the preons together
to form quarks, leptons and heavy bosons. The signature for this
compositeness could be a significant deviation in the measured cross
section at large center of mass energy compared to the predictions of
the Standard Model.

If quarks and leptons have substructure, we expect them to exhibit
excited states just like atoms; that is because atoms have internal
structure if we give it some energy it will be in an excited state, so also
for SM particles. From now on we will focus on the excited leptons.

1.4.1 Production of excited leptons via contact interactions

If the scale of compositeness is low compared to the center of mass
energy available (Λ < ŝ), where ŝ where is the center of mass energy
for partons (refer to chapter 3), narrow resonances of excited particles
can be produced on shell. On the other hand if (Λ > ŝ), compositeness
production will manifest as a four fermion Contact Interaction (CI)
[14]. This production can be described by an effective Lagrangian:

LCI =
2π

Λ2
jµjµ (1.1)

where jµ is the fermion current:

jµ = f̄Lγ
µfL + f̄ ∗Lγ

µf ∗L + f̄ ∗Lγ
µfL + (L→ R) + h.c (1.2)
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where the ground state is f and the excited states is f ∗, ”h.c.”
stands for Hermitian conjugate, and the subscripts L refers to left-
handed fermions, where right handed fermions are set to zero for sim-
plicity. Excited fermions can be produced either by single production
qq → ``∗,double production qq → `∗`∗ as shown in figure [1.2].

Figure 1.2: (Right) single production of µ∗, (Left) double production of µ∗

Since the pair production requires larger center of energy than the
single production, it is kinematically less favored. figure [1.3] shows
the cross section of single and double production of excited leptons.

Figure 1.3: Cross section for single and double production of excited muons µ∗ through
contact interactions at LHC (

√
s = 14TeV, and, Λ = m∗), generation is done via Pythia8.

9
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The partonic cross section, based on the effective Lagrangian of
equation [1.1] with left-handed currents, are:

σ̂(qq̄ → ` ¯̀∗, ¯̀∗`) =
π

6ŝ
(
ŝ

Λ2
)2(1 +

ν

3
)(1− m∗2

ŝ
)(1 +

m∗2

ŝ
) (1.3)

and,

σ̂(qq̄ → ¯̀∗ ¯̀∗) =
πν̄

12ŝ
(
ŝ

Λ2
)2(1 +

ν̄2

3
) (1.4)

where,

ν =
s̄−m∗2

s̄+m∗2
, ν̄ = 1− 4

m∗2

s̄

Besides CI production, excited leptons can be also produced via
gauge interactions (Lagrangian is described in the next subsection),
however those processes contribute to less than 1% (depending on the
excited lepton mass) compared to its production via CI [15].

1.4.2 Decay of excited leptons

Gauge-mediated transitions between SM and excited fermions are
described by an effective Lagrangian [14]:

LGM =
1

2Λ
f̄ ∗Rσ

µν
[
gsfsG

a
µν

Λa

2
+ gfWµν

τ

2
+ g′f ′Bµν

Y

2

]
fL + h.c. (1.5)

where σµν is the covariant bilinear tensor, f , f ∗ are the lepton and
excited lepton fields, Ga

µν, Wµν, and Bµν are strength tensors of the
gluon, SU(2)L and U(1)Y gauge fields with the group generators Λa

(Gell-Mann matrices), τ (Pauli matrices), and Y (weak hypercharge)
respectively; the factors fs, f, and f ′ are form factors which determined
by the composite dynamics. Naively one would except all of them to
be of order 1, and gs, g, g′ are the corresponding coupling constants.

Here we assume that excited leptons have a mass larger than the
W± and Z0 boson masses and the main decay mode via gauge inter-
action will be two-body decays shown in figure [1.4] (left) alongside
with the CI decay process.
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The partial decay widths for the gauge mediated interactions are
given by [14]:

ΓGM(`∗ → `γ) =
α

4
f 2
γ

m3
∗

Λ2
(1.6)

ΓGM(`∗ → `V ) =
1

8

g2
V

4π
f 2
V

m3
∗

Λ2
(1− m2

V

m2
∗

)2(2 +
m2
V

m2
∗

) (1.7)

where α is the fine structure constant, V stands for W± or Z0, and
gV s the coupling constant associated with the gauge boson V, fV and
fγ are given by:

fγ = fIW3 + f ′
Y

2

fW =
f√
2

fγ = fIW3 cos2θw + f ′
Y

2
sin2θw

where IW3 , and Y are the third component of weak isospin and
hypercharge of excited lepton respectively, and θw is the weak mixing
angle.

The widths can however be significantly increased by decays which
are mediated by contact interactions (three-body decay) from eqations
[1.1], [1.2]:

ΓCI(`
∗ → `+ `′ ¯̀′) =

m∗
96π

(
m∗
Λ

)4N ′cS
′ (1.8)

where N ′c=3 or 1 is the number of colors of the light fermion f ′,
and S ′ is an additional combinatorial factor:

S ′ = 1 for f 6= f ′

S ′ = 4/3 for f = f ′ andquarks,

S ′ = 2 for f = f ′ andleptons.
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For this analysis we assume that f = f ′=1 but the results can easily
be reinterpreted for different values of these parameters, accounting
for the change in branching ratio and intrinsic width.

Although the decay by CI dominates for large values of m∗/Λ, the
decay via gauge interactions proportional to m3

∗/Λ2 while decay via CI
varies as m5

∗/Λ4. Therefore, the relative importance of the decay medi-
ated by contact interaction on the total decay width will be suppressed
by the factor m2

∗/Λ2. This behavior is clearly illustrated in figure [1.5]
which shows the branching fraction of the decay of excited lepton via
CI as well as that of gauge interaction decay.

Figure 1.4: Decay of excited lepton µ∗ into a lepton µ and a pair of leptons via gauge
interactions mediated by the vector boson (left), and via CI (right)

Figure 1.5: Branching fractions of the excited leptons as a function of m∗
Λ
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1.5 Previous searches of compositeness

Up to date there is no experimental evidence of the compositeness
of particles of the SM. Various experiments have tested many such
models and has evaluated bounds on the parameters such as the com-
positeness scale Λ or the excited lepton mass m∗, different decay modes
of the excited states probe different aspects of the effective theory that
govern the low energy interaction.

The experimental previous results are listed below:

• HERA: The Hadron Electron Ring Accelerator (HERA) at DESY,
Hamburg operated during 1992-2007 using e±p data at energy of
27.5 GeV and an integrated luminosity of 37pb−1 searched for
excited fermions [16, 17]. By assuming that f/Λ = 1/m∗, excited
fermion mass below 223, 114, and 188 GeV, for e∗, ν∗, q∗ produc-
tion , respectively, are excluded [18]. figure [1.6] shows exclusion
limits on the search of excited electron.

Figure 1.6: Limits on search for excited electron in H1 experiments at HERA

• LEP: the OPAL collaboration (at The Large Electron Positron
collider, CERN) at 2002 searched electromagnetic decays of e∗,
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µ∗, and τ ∗ in the center of mass energy range of 183 -209 GeV.
The final states, which have been studied, comprised of ``γ, and
``γγ. The amount of data used was 680pb−1. From pair produc-
tion searches the OPAL collaboration has put a lower bound of
m∗`¿ 103.2 GeV with 95% confidence level. Figure [1.7] show the
upper limits on the cross-section times branching ratio [19].

(a) (b)

(c)

Figure 1.7: OPAL collaboration at LEP 95% CL upper limits on the cross-section at√
s = 208.3 GeV times the branching fraction for (a) single and (b) pair production of

excited leptons as a function of mass. The 95% CL upper limits on the ratio of the excited
lepton coupling constant to the compositeness scale, f/Λ as a function of the excited lepton
mass assuming f = f ′ are shown in (c).
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• TEVATRON: the Tevatron at Fermi National Accelerator Lab-
oratory (Fermilab) is an accelerator with center of mass energy
of
√
s = 1.96 TeV. The CDF collaboration at Tevatron searched

for single production of excited electron and subsequent radiative
decay with an amount of data of 202pb−1. CDF set a lower limit
on the excited electron mass that produced by CI (see figure [1.8]
) [20].

Also D0 collaboration at Tevaron using data size of 1fb−1 searched
for single production of excited by the process e∗ → eeγ. D0 data
is interpreted in the context of CI production model and decay
via GM model. A lower mass limit of the excited electron of 756
GeV for Λ = 1 TeV was set as illustrated in figure [1.9] [21].

Figure 1.8: The experimental σ x BR limits for the CI and GM models compared to the
theoretical predictions. The mass limits are indicated

Figure 1.9: The region in the (Λ,m∗e) plane excluded by D0 experiment.

15



Chapter 1

• CMS: the Compact Muon Solenoid experiment at the Large Hadron
Collider in 2012 (see chapter2) using a data sample of p-p colli-
sions at a center-of-mass energy 7 TeV, and integrated luminosity
of 5fb−1 searched for radiative decay of excited muons, and ex-
cited electrons [22], for the case of Λ = m∗` , excited leptons of
masses below 1.9 TeV are excluded as shown in figure [1.10].

Figure 1.10: Expected and observed 95% CL lower limits on the Λ scale for the different
excited electron (left) and muon (right) mass points, the excluded region is below the
curve. The one standard deviation uncertainty band is shown in green. The grey area
corresponds to the theoretically excluded region where Λ < m∗`
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• ATLAS: the A Toroidal LHC ApparatuS collabration at LHC
in 2013 (see chapter2) using a data sample of p-p collisions at a
center-of-mass energy 8TeV, and integrated luminosity of 13fb−1

searched for radiative decay of excited muons, Limits on σxBR
are converted into lower bounds on the compositeness scale [23].
In the special case where Λ = m∗` , excited electron, and excited-
muon masses below 2.2 TeV are excluded [1.11].

Figure 1.11: Exclusion limits in the compositeness scale Λ vs excitedlepton mass m∗`
parameter space for the electron (a) and muon (b) channels. The filled area is excluded
at 95% CL. No limits are set in the dark shaded region where the model is not Λ < m∗`
applicable.
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Experimental Setup

2.1 The Large Hadron Collider

The Large Hadron Hollider (LHC) at the European Organization
for Nuclear Research (known by its French acronym CERN) located on
the Swiss-French border near Geneva, Switzerland is the world’s most
powerful proton-proton collider for the current generation of high-
energy particle physics experiments [24]. The machine is located 100
meter underground in a ring of superconducting magnets and circum-
ference of 27 kilometers. Two proton beams are accelerated in op-
posite directions around the ring, while LHC steers those protons to
four interaction points. Each beam will have a 7 TeV thus giving total
collision energy of 14 TeV in the center of mass frame.

Located at these interaction points are four major particle detec-
tor experiments, A Toroidal LHC ApparatuS [25] (ATLAS) and the
Compact Muon Solenoid [26] (CMS), A Large Ion Collider Experiment
[27] (ALICE) and the Large Hadron Collider beauty [28] (LHCb) de-
tector. These experiments collect and analyze data.

2.1.1 Principle of operation and future plans

Prior to being injected into the main accelerator, protons are ob-
tained by ionizing gaseous hydrogen, and then accelerated in bunches
to the linear accelerator (LINAC2), which is the first system of the
accelerator, and speeds up the protons to energy of 50 MeV. From
there they are injected into the Proton Synchrotron Booster (PSB)
and boosted to energy of 1.4 GeV, and then they accelerate to 26
GeV in the Proton Synchrotron (PS), the Super Proton Synchrotron
(SPS) is used to further increase their energy to 450 GeV before they
are at last injected into the LHC.
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The particle beam is not a continuous flux but rather a series of
bunches that are put into track and focused by a set of magnets. A
schematic view of the CERN accelerator complex is shown in figure
[2.1].

The collision rate is quantified in terms of the instantaneous lu-
minosity (number of collisions per unit time per unit area), which
depends on the configuration of the accelerator.

Figure 2.1: Schematic layout of the accelerator complex at CERN. The proton beams have
a revolution frequency which is geometrically fixed by design, and are spaced by about 7
meters, which corresponds to 25 nanoseconds, and a frequency of 40 MHZ

The LHC’s operation plan [29] is divided in two phases: phase 1
during which the machine will slowly reach its nominal capabilities,
and phase 2 where the machine will run at even higher luminosity
after undergoing a major upgrade. Table [2.1] shows the energy and
luminosity of the operational periods of LHC after both maintenance
Long Shutdown 1 (LS1) and Long Shutdown 2 (LS2).
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Phase 2 will have a major upgrade of the LHC, which aims to
increase the Luminosity and the machine will enter the new era of
High- Luminosity LHC (HL-LHC).

Period Energy [TeV] Luminosity

2010-2012 7 -8 0.5x1034cm−2s−1

2015-2018 13 - 14 1x1034cm−2s−1

2021-2023 14 2x1034cm−2s−1

Table 2.1: Energy and Luminosity of the LHC during the different periods of phase1.

2.2 Compact Muon Solenoid

The Compact Muon Solenoid (CMS) detector [30] is one of the
most complex detectors ever build. The design of the CMS is driven by
the challenges of a physics experiment in the LHC environment. Many
of the physics benchmark channels have a small cross section and the
background from QCD jet production is overwhelmingly dominant. A
high rejection power with an optimal efficiency for rare channels has
to be achieved. The CMS, as its name suggests, is based in an intense
solenoid magnetic field of 3.8 T, and an excellent muon spectrometer.
A schematic diagram of the structure and different components of the
CMS is show in figure [2.2].

The CMS detector is composed of the following main sub-detectors
as one moves out from the center of the detector: the silicon tracker
(TK), the electromagnetic calorimeter (ECAL), the hadronic calorime-
ter (HCAL), the solenoid magnet, and finally the muon system is out-
side the solenoid and inside the steel return yoke of the magnet. A
transverse slice of CMS, showing the various sub-detectors is shown
in figure [2.3].

Because it has a cylindrical shape CMS is divided into two regions:
the barrel where the detectors are laid out cylindrically around the
beam, and the endcaps where the detectors are placed perpendicularly
to the beam.
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Figure 2.2: Representation of CMS and its different components.
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Figure 2.3: A transverse slice of the CMS sub-detectors with a representative detection of
a particle in each sub-detector. Animated version for particles passing through each part
can be found in [30]

2.2.1 Coordinate conventions of CMS

In CMS, the coordinate system has its origin centered at the nomi-
nal collision point. The y-axis points vertically upward and the x-axis
points radially inward toward the center of the LHC tunnel. The z-axis
points along the beam direction as show in figure [2.4].The azimuthal
angle φ is measured from the x-axis in the x− y plane, and the polar
angle θ is measured from the z-axis, and expressed in terms of the
Lorentz invariant quantity pseudo-rapidity:

η = −ln
[
tan(

θ

2
)
]

(2.1)

The pseudo-rapidity η is preferred over the polar angle because the
rate of production of relatively light particles such as pions and kaons
at hadron colliders is approximately constant over a wide range of
η. The momentum and energy measured transverse to the z-axis is
denoted as pT and ET , respectively.
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Figure 2.4: The pseudo-rapidity η, and azimuthal angle φ used to track particles inside
CMS.

2.2.2 Tracking System

The innermost sub-detector that a particle coming from the inter-
action point traverses is the tracker [31]. Its purpose is to provide a
precise and efficient measurement of the trajectories of charged parti-
cles as well as a precise reconstruction of interaction vertices. Knowl-
edge of the primary interaction point is important, especially in the
high instantaneous luminosity operations at the LHC, where multiple
vertices are present for every collision because of multiple interactions
in a phenomenon known as Pile-Up.

At the nominal design instantaneous luminosity of 1034cm−2s−1,
there are on average about 1000 particles traversing the tracker per
LHC bunch crossing, which requires a tracker detector with a high
granularity and fast response. Also because of the higher particle
rates at the center of the detector causes severe radiation damage to
the tracker detector. Considering those requirements of granularity,
fast speed and radiation hardness, CMS experiment built its tracker
detector entirely based on the silicon detector technology.

The tracking system consists of two parts, the pixel detector (silicon
pixels) and the inner tracker (silicon strips). Both are made of silicon.
These detectors have an excellent spatial resolution (∼ 25µm).
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A schematic cross section view of the tracking system is shown in
figure [2.5].

Figure 2.5: Schematic cross section of CMS tracker detectors. Each line represent a
detector module or layer.

The silicon pixels are represented in blue, while the Tracker Inner
Barrel and Disks (TIB/TID), Tracker Outer Barrel (TOB), and Tracker
End- Caps (TEC) are the different region of the silicon strip detector.

Semiconductor detectors are made out of series of p-n junctions.
When a charged particle passes through the depletion region and losses
energy, electrons switch from valence to conductive bands creating
electrons/holes pairs. Under the action of the electric field, they mi-
grate towards the n or p regions and form the signal on the readout
electronics.

The barrel pixel detector consists of three layers, centered at ap-
proximately 4 cm, 7 cm and 11 cm radius, respectively. The forward
pixel detector is made up of two pairs of layers at ±34 cm and ±46
cm from the nominal interaction point in beam axis direction. The
geometrical arrangement is shown in figure [2.6].
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Figure 2.6: Schematic cross section of CMS tracker detectors. Each line represent a
detector module or layer.

The inner tracker surrounding the pixel system is made of 15000
silicon micro-strip detector modules. Each module is made of a set of
sensors, a mechanical support structure and a readout hybrid, which
is bonded to the sensors. Geometrically the inner tracker modules
are arranged in 10 concentric layers in the barrel and 12 disk-shaped
layers in the forward regions.

Due to the harsh radiation environment and low-noise requirement
the tracker has to be operated at a temperature of -10oC.

2.2.3 The Electromagnetic Calorimeter

The Electromagnetic CALorimeter (ECAL) [32] is designed to
measure with high accuracy the energies of electrons and photons.
There are two main processes for allowing the detection of electrons
and photons which are respectively Bremsstrahlung and pair creation.
These two processes form what is called the electromagnetic shower
that is formed when energetic photon or electron enters the ECAL
material. Figure [2.7] shows a layout of the ECAL sub-detector.

The CMS ECAL consists of ECAL Barrel (EB), ECAL End-caps
(EE), and pre-shower detector in end-caps and has a geometrical cov-
erage up to η ≤ 3.0 .Precise measurement of electron and photon and
their separation is possible up to η ≤ 2.6 because the tracker coverage
support exists only in this region.
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Figure 2.7: Schematic view of the CMS Electromagnetic Calorimeter.

For extra spatial precision, the ECAL also contains pre-shower de-
tectors that sit in front of the end-caps. These allow CMS to dis-
tinguish between single high-energy photons (often signs of exciting
physics) and the less interesting close pairs of low-energy photons (aris-
ing from πo → γγ).

The ECAL is composed of lead-tungstate (PbWO4) crystals, acting
both as interaction media and as scintillators, attached to photomul-
tipliers to amplify the relatively small amount of light photons they
emit due to incident particle.

The PbWO4 crystals have a short radiation length (0.89 cm), small
Moliere radius (2.2 cm), fast scintillation time (80% of the light is
emitted within 25 ns), and are radiation hard (up to 10 Mrad).

Figure (2.8) shows one of these crystals, and the crates that hold
them, and their disposition in the end-cap.

26



Chapter 2

Figure 2.8: Picture of a PbWO4 crystal (left) used in the ECAL with its photomultiplier,
and of the end-cap ECAL (right) showing the crates in which the crystals are placed.

The ECAL consists of about 61,000 lead-tungstate crystals in the
barrel (η ≤ 1.44) region, and about 7200 crystals each are mounted in
the two end-caps (1.56 ≤ |η| ≤ 3.0). In the barrel region each crystal
has a size of 22x22 mm2 and is 230 mm long. The crystals are 25.8
radiation length (Xo) in depth and contain most (∼99%) of the elec-
tromagnetic shower while the end-cap crystals are 24.7 Xo deep.

The ambient radiation causes the crystals to become opaque and
emit less photons which in turn implies a constant need for re-calibration
of the detectors.

2.2.4 The Hadronic Calorimeter

The CMS Hadron CALorimeter (HCAL) [33] will play a crucial
role in search for new physics at the LHC. HCAL is particularly im-
portant for the measurement of hadron jets and exotic particles result-
ing in apparent missing transverse energy, it uses strong interactions
between the hadrons and the material to create hadronic cascades.
Hadronic showers start to develop later and have larger longitudinal
and lateral dimensions than electromagnetic ones, so it requires longer
detectors.

The HCAL consists of three components the HCAL Barrel detector
(HB), the HCAL End-cap detector (HE), and the HCAL Forward
detector (HF). Figure [2.9] shows the location of the CMS HCAL.

27



Chapter 2

Figure 2.9: Cross sectional view of the CMS detector in y− z projection with the compo-
nents of the hadronic calorimeter labeled.

The HCAL consists of layers of dense material (brass or steel) inter-
leaved with tiles of plastic scintillators, read out through wavelength
shifting optical fibers by photo-sensors in the barrel and end-cap re-
gions.

The HCAL is composed of an alternation of 16 layers of absorbers,
made out of 40 to 70 mm thick steel plates and 50 to 56 mm thick 70%
Cu and 30% Zn alloy plates, and 3.7 to 9 mm thick plastic scintillators.
The barrel HCAL is divided into 72 segments in φ and 16 η sectors
while the end-cap HCAL has 36 and 72 φ segments for the inners and
outers rings respectively, and 14 η sectors.

2.2.5 CMS Magnetic Field

To measure the momentum of charged particles, magnetic field is
needed to bend their trajectories, the relation between the radius of
curvature and the transverse momentum is:

R[m] =
pT [GeV c−1]

0.3B[T ]
(2.2)

Where B is the magnetic field intensity, by inverting the pervious
relation the transverse momentum of the charged particles can be
obtained. CMS has optimized for a long solenoid superconducting
coil [34]. The intensity of the field is of 3.8 T inside the solenoid and
typically 2T outside the solenoid. Placing the calorimeters inside the
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magnet improves the energy resolution as particles have less distance
to travel through before reaching them. Figure [2.10] shows a map of
the magnetic field over CMS detector.

Figure 2.10: Field map of the magnetic field of CMS measured using cosmic rays [35].

2.2.6 Muon System

Muon detection is an important aspect of any experiment of parti-
cle physic, especially CMS, which is one of the main design objectives
of the detector that is obtaining a high precision muon momentum
measurement, given its key role both in New Physics searches and in
Standard Model measurements.
Muons can be identified by the large penetrating power and the rele-
vant parameters to be measured very precisely are energy and momen-
tum. We will first describe the interactions between the particles and
the detectors, and then describe the different detector technologies
used in CMS muon system.

Particle Detection in Gas Detectors:

Particles passing through matter [36] can interact with the medium
through multiple processes. Muons energy losses, are dominated by
the Coulomb interaction with the electrons of the medium. Figure
[2.11] shows the average energy loss dE per length dx is given by
normalized to the density of the detector material as a function of the
βγ parameter for muons passing through copper.
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Figure 2.11: Mean energy loss per unit length of muons in the traversed material, normal-
ized to the density of the medium as a function of βγ parameter [36].

For particles in the 0.1 ≤ βγ ≤ 10, 000 range, the energy losses
have been quantified by Bethe as follows [36]:

− 〈dE
dx
〉 = Kz2Z

A

1

β2

[1

2
ln(

2mec
2β2γ2Tmax
I2

)− β2 − δ(βγ)

2

]
(2.3)

where z is the charge number of the particle, Z, and A are the atomic
number and atomic weight of the absorber, me is the electron mass,
Tmax is the maximum energy that can be transferred during a collision,
I is the mean excitation energy, characteristic of the absorber mate-
rial, δ(βγ) is an ultra-relativistic correction, and K = 4πNAr

2
ec

2me, re
being the classical electron radius, and NA is the Avogadro’s number.

As illustrated in figure [2.11] at low energies βγ < 1, the stopping
power is large, that is because in this case the speed of the parti-
cles traversing the detector material is comparable to the speed of the
atomic electrons, which effectively slows down the speed of the inci-
dent particle. The opposite effect occurs at high energies βγ > 10,
the incident particles becomes ultra-relativistic they create a tempo-
rary polarization of the detector material (Cerenkov Radiation), and
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so reducing the energy losses.In the range between the two red lines
(1 < βγ < 10), energy losses are minimal, the incident particles hav-
ing this energy range are characterized by a specific name: Minimum
Ionizing Particles (MIP). Detectors must be tested in this specific
region to ensure their detection capabilities and to calibrate their re-
sponse.

It is important to realize that the total energy of incident parti-
cles is not used to ionize the detector material, but there is also what
is called secondary ionization, such as Auger effect, during which an
electron from higher orbitals takes the place of the ejected electron,
emitting a photon. This photon can either escape and remain un-
detected, or in most cases, be absorbed by another electron causing
a double ionization, The average number of ionization (primary and
secondary) by unit of length n is given by:

n =
1

W
〈dE
dx
〉 (2.4)

Where W is the mean energy needed to ionize the material. It is
important to emphasize that energy losses are stochastic processes.
Therefore, particles do not leave behind a constant trail of ionization,
but rather localized energy depositions, resulting in the detection of
multiple hits inside one detector. The deposited energy follows a Lan-
dau distribution where the most probable value is given by Bethe’s
formula review in eqation [2.3].

Performance parameters:

Four parameters characterizing the detectors, especially muon sys-
tem are of importance in CMS: the spatial resolution, the temporal
resolution, the detection efficiency, and the rate capability, each of
which plays an important role in the reconstruction of the events.

• Spatial Resolution: The spatial resolution is the error on the
position’s measurement made by the detectors. It yields the res-
olution on the momentum when reconstructing the track, as hits
are used to measure the bending radius of the trajectories. The
momentum being the key quantity used to analyze events, it is
important to ensure a good spatial resolution on the hits’ position,
of the order of 250 to 500 µm in the CMS muon spectrometer. For
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gaseous detectors, the spatial resolution will vary with the place-
ment and spacing of the electrodes. Some detectors only measure
one direction, neglecting the other. This will often be the case in
muon chambers as the area to cover is quiet large, and costs must
stay reasonable.

• Temporal Resolution: The time resolution is important in or-
der to correctly assign particles to a certain Bunch Crossing (BX).
With the high frequency at which the LHC runs, it is important
to determine during which collision a certain particle was created.
For detectors close to the interaction point, the Time Of Flight
(TOF) is relatively short. However, muons reaching the muon
system can have a TOF up to 40 ns. This means that particles
from one interaction reach the outer detectors while another col-
lision already took place. To unambiguously assign an event to a
BX, the time resolution must be less than to 5 ns.

• Detection Efficiency: The detection efficiency ε is the percent-
age of particles passing through the chamber and which are de-
tected. CMS requires all detectors to have a minimum efficiency
of 95%.

• Rate Capability: The rate is the maximal flux of particles under
which the detection efficiency remains above 95%. Parts of the
gaseous detectors remain unusable for a certain amount of time
after the avalanche process. In order to increase the system’s ef-
ficiency, the rate capability should be of the order of the particles
flux traversing the detectors. Detectors in the most forward region
of CMS should be able to sustain rates of the order of 1 kHz cm−2.

In the following subsections we will describe the CMS muon system
in details. Currently, the CMS muon system is composed of three
different types of gaseous detectors: Drift Tubes (DT), Cathode Strip
Chambers (CSC), and Resistive Plate Chambers (RPC).

Deposition of the detectors:

Like all the CMS detectors, the muon system is divided into two re-
gions: the barrel (|η| <1) and the end-caps (1< |η| <2.4). The cham-
bers are regrouped into stations attached to the wheels of CMS. The
barrel stations contain DTs (identified by MBn) and RPCs while the
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endcaps stations hold CSCs (identified by MEx/y) and RPCs (identi-
fied by REn), as represented in figure [2.12]. For financial reasons, the
RPCs were not installed for the LHC’s start-up in the (1.6< |η| <2.4)
region where only CSCs are present.

The barrel is composed of 5 wheels on which 4 layers of detectors
are attached, each divided into 12 stations along φ. The end-caps have
4 layers of detectors divided into 1, 2 or 3 rings partitioned into 36 or
72 stations that overlap to ensure maximum efficiency. Figure [2.12]
shows the first station of the muon end-cap, ME1. The inner ring,
called ME1/1 is hidden by the so-called nose, in black. The two outer
rings, ME1/2 and ME1/3 are well visible. In ME1/2, we can observe
the overlap between the chambers.

Figure 2.12: Disposition of the muon chambers inside CMS. MBn refer to DTs, MEn to
CSCs and the green lines to RPCs.

The use of two different kinds of detectors in each station ensures
that the system meets the required detection efficiency for muons im-
posed by CMS. This redundancy is crucial to select and reconstruct
events with high momentum muons in the final state, like the signa-
ture of the Brout- Englert-Higgs boson’s decay and many processes of
new physics, including super-symmetry.
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Drift Tubes:

Drift Tubes [37] are rectangular parallelepiped detectors composed
of an anode wire stretched between two cathode strips as represented
in figure [2.13]. The chambers are 2.4 m long by 13 mm height by
42 mm wide. A strong electric field (of the order of 1.5 kV cm−1) is
formed by applying a high voltage difference between the electrodes,
causing the electrons and ions to drift into the gas, and provoking
avalanches near the anode. The two electrodes placed near the anode
help flatten the electric field and improve the charges’ drift.

Four DTs are assembled to create a Super Layer (SL), and two or
three SLs compose a DT module. Each SL has a spatial resolution
of 100 µm in the direction perpendicular to the wire. To improve
global precision, two SLs are used to measure the φ coordinate and
sometimes one additional SL is used to measure η. DT modules have
a time resolution of 3 ns. Their rather large size limits their rate
capabilities, explaining why they are only present in the barrel where
particles’ fluxes are lower (<10 Hz cm−2).

Figure 2.13: Schematic view of a drift cell along with the electric field line.

Cathode Strip Chambers:

Cathode Strip Chambers [38] are trapezoidal multi-wire propor-
tional chambers placed in the end-caps of CMS. Multiple anode wires
(about 1000 spaced by 3.2 mm) are stretched radially in the chamber
above perpendicularly placed cathode strips (typically 80 separated
by a pitch of 8.4 mm on the narrow side and 16 mm on the large side)
as depicted in figure [2.14] .
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As for the DTs, an electric field is formed between the wires and
the strips, accelerating the electrons and forming the avalanches near
the anodes. By reading-out both electrodes, the CSCs provide a mea-
surement of both coordinates.

Figure 2.14: Schematic view of cathode strip chamber.

One CSC module is made out of six chambers put together (7 cath-
ode planes and 6 wire planes). Due to the large number of readout
channels in these modules, the spatial resolution is as good as 33 µm
for ME1/1 and ME1/2, and 80 µm for the other stations. The time
resolution for one cathode plane is 11 ns that can be brought down to
the order of 5 ns when combining the measurements of all the planes.
The largest CSC modules, ME2/2 and ME3/2, are 3.4m by 1.5m.

Resistive Plate Chambers:

Resistive Plate Chambers (RPCs) [39] are gaseous detectors used
in both barrel and end-cap regions. Their spatial resolution is limited,
but their time resolution is very good, about 2 ns, a shorter time
than the 25 ns LHC BX. Therefore RPC detectors are used to provide
trigger decisions because of its fast response and good time resolution.
The resistive plate chamber used in CMS experiment consists of two
layers of gas gaps with a sheet of segmented copper readout strips
sandwiched between them as shown in figure [2.15].
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Figure 2.15: Schematic view of resistive plate chambers.

A gas gap (few mm thick) is made of two sheets of high resistive
Bakelite, a high-resistivity plastic material, which acts as the elec-
trode with graphite coat outside of them. Within the resistive plate
chamber the electric field is uniform. The sheet of the readout strips
is put in the chamber, centered on the bottom gap separated from the
graphite layers by an insulating PET (polyethylene terephtalate) film,
to read out the signals. There are 32 strips running the length of the
chamber but they are broken up lengthwise into three sections for the
readout purpose.

The RPC is a detector utilizing a constant and uniform electric field
produced by two resistive parallel electrode plates. The gap between
these two plates filled with a gas mixture of Freon and isobutene.
When a charged particle passes through the gas, the gas atoms will
ionize and form electron-ion pairs. The electron goes to the positive
electrode and discharge is originated by intense electric field. The
discharge was prevented from propagation through the whole gas by
the quenching properties of the gas mixture. The geometrical layout
of the RPC chambers depends on their position. In the barrel region,
six layers of RPCs are there: four of them are attached to each side of
the MB1 and MB2 DT chambers, the other two attached to the inner
side of MB3 and MB4. In the end-caps, four disks of trapezoidal RPC
are attached to the CSCs.

2.3 Data Acquisition System

The CMS trigger and the Data Acquisition System (DAQ) [40] is
designed to overcome the unprecedented interaction rate. The inter-
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val between BX is 25 ns, corresponding to a frequency of 40 MHz.
Approximately 25 simultaneous p-p collisions occur each crossing at
the nominal design luminosity of 1034cm−2s−1. With the extremely
high rate of out coming events, it is impossible to store such a large
amount of data, a drastic rate reduction has to be achieved. This task
is performed by the trigger system, which is the start of the physics
event selection process.

The rate is reduced in two steps corresponding to the Level-1 Trig-
ger (L1), which is based on highly customized fast electronics and
High- Level Trigger (HLT) [41], which is implemented on a large
cluster of commercial processors (Event Filter, Event Filter Farm).

Various components of DAQ and triggers system for CMS are shown
schematically in figure [2.16].

The L1 trigger has access only to coarsely segmented calorimeter
and muon detector information in order to identify various physics
candidate objects. At this stage isolation criteria is applied without
any information from the tracking system. The rejection and accep-
tance by trigger is based on the characteristics of the trigger objects.
These trigger objects or candidates are identified from the detector
information. The data from the front end electronics of various sub
detectors are put into 107 channels with a latency time (or dead time)
of 3.1 µs. This latency time is equivalent to 128x25 ns beam cross-
ing at the designed luminosity. After an event gets accepted by the
L1 trigger, about 700 Front End (FE) modules holds the stored event
data, each carrying about 1-2 kB of data per L1 trigger accepted event.
The L1 accepted signals (102kHz) and raw readout data are sent to a
computer farm through a temporary storage buffer.

The next level is HLT which applies a reduction factor of 1000
to the output of L1 trigger. The full resolution and granularity of
the detector is used to achieve such a large rejection factor. At this
stage the information from tracker is also used for isolation and trigger
selection and it is as sophisticated as at the time of online processing
of the data. It essentially combines the traditional L2 and L3 trigger
components and allows a coherent use of HLT algorithms for multiple
physics channels. Here the software used are the same as will be used
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in online analysis of the data.
This requires fully programmable commercial processors (EF farms)

for the running of HLT algorithms with a mean time of 10 ms per
event along with the maximum input rate of 100 kHz. The trigger
selection are implemented as (trigger path) where a trigger path is a
set of algorithms which reconstruct one or more physics candidates
and applies selection criteria to these reconstructed candidates and
their various isolation and kinematical quantities. If the event passes
one or more of these paths, the event gets accepted and stored for
analysis.

Figure 2.16: A layout of CMS architecture of Data Acquisition System and Trigger and
various important components.

To sum up CMS is a multi-purpose experiment that can shed light
on many of today’s fundamental open questions in physics. New de-
tector developments as well as trigger and data acquisition schemes
contribute to make CMS a highly competitive apparatus for the ex-
ploration of the high-energy physics frontiers.
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Event Generation and Analysis

3.1 Monte Carlo Event Generators

To discover new particles at LHC, Monte Carlo (MC) events are
needed to compare the signal events to background events, and observe
any excess over background. So MC event generation is an essential
tool for the search of new particles.

Monte Carlo event generators are based on Matrix Element (ME)
theoretical calculation, their task is to perform, initial composition,
initial state radiations, hard scattering, resonance decays, final state
radiations, Multi-Parton interactions, and hadronization. There are
different categories of event generators that are intended to do only
hard matrix element calculations without showering and hadroniza-
tion.

Since the LHC is a hadron collider based on proton-proton colli-
sions, the compositeness of the proton has to be taken into account;
the proton consists of valence quarks, sea quarks, and gluons, these
entire constituents share the proton momentum, so the center of mass
energy is distributed over the parts of each proton which is also called
partons. If x1 and x2 are the fractions of the parton momentum with
respect to the proton momenta, the center of mass energy of two in-
teracting partons is given by:

√
ŝ =
√
x1.x2

√
s (3.1)

where
√
s is the center of mass energy of the two colliding pro-

tons. But the exact momentum of the two partons is unknown, so it
is described by a Parton Distribution Functions (PDFs) which are
statistical distributions of the parton momenta at proton-proton col-
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liders. The predicted cross section of a process at hadron colliders
depends on the used PDF set, meaning that it can different for differ-
ent PDFs.

There are several MC generator programs that generate events
in protonproton, proton-antiproton, electron-positron, electron-proton
and electron-electron collisions. Among these the general purpose MC
generators PYTHIA [42].

In MC generators the treatment of colored partons to colorless
hadrons is based on phenomenological models. PYTHIA uses String
Model for event generation. In this model the final state q and q
partons move apart from the production vertex, as they move apart,
their potential increases and creates new qq pairs, if they have enough
energy, further pair creation proceeds in the same manner. In this
model, the process is assumed to proceed until only on-mass-shell
hadrons remain. Figure [3.1] shows the schematic picture of string
model of hadronization process.

On the other hand, Madgraph5 [43] event generator is hard matrix
element generator, it can calculate the cross section at Leading Order
(LO) accuracy and Next to Leading Order (NLO) accuracy. Mad-
graph5 can linked to PYTHIA, or HERWIG [44] for event showering
and hadronization, and could be also linked to fast detector simulation
tools for detector response simulation as described below.

Figure 3.1: Hadronization using String Model in Monte Carlo event generators.
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3.2 Signal Properties

In this thesis we will focus on the muon compositeness in the phase
II of LHC run at center of mass energy

√
s = 14 TeV with the CMS

detector, the considered channel is the single production of excited
muon via CI and decay via neutral-current decay, in partcular qq →
µµ∗ → µµZ → 4µ so the final state will be four muons as shown in
figure [3.2] and this will be the signature that we are looking for at
the CMS detector, Although the branching ratio of this decay mode
is much smaller than γ-mediating process the four muon final state
gives out less background than µµγ.

Figure 3.2: Decay channel considered, four muons will be the signature of excited muon.

Before the comparison between data and SM background, we present
a generator-level study of signal events. The characteristic distribu-
tions are studied, showing the expected kinematics of the final states
and their dependence on the excited muon mass.

Signal samples are generated at LO aacuracy using PYTHIA 8.2
MC event generator with a mass range 0.5 to 5 TeV with a step of 0.5
TeV, and a compositeness scale Λ= 10 TeV using CTEQ6L1 PDF.
Although signal samples are generated at Λ= 10 TeV one can easily
scale to different Λ as long as we use the correct branching ratios, this
effect is illustrated in figure [3.3] which shows the cross section of the
signal as a function of excited muon mass for different values of Λ, as
it clear the cross is inversely proportional to the compositeness scale
and for different values of Λ the relation is linear meaning that the
kinematic distributions and results could be scaled to an value of Λ.
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Figure 3.3: Signal cross section x branching ratio (σ x BR) in fb−1 depending on the
excited muon mass for different Λ values.

Firstly to reconstruct the excited muon mass, three muon are needed
to perform this process, two of them are oppositely charged and their
invariant mass are close to the Z mass (60 < MZ1,Z2 < 120 in [GeV]).
So by reconstructing the Z boson mass, one muon is needed to re-
construct the mass of µ∗, but there are two indistinguishable options
namely µCI (the companion of µ∗) and µdecay (which results from µ∗

decay). From these two options we can form two invariant mass plots,
the minimum invariant mass M 3µ

min, and the maximum invariant mass
M 3µ

max in increasing order of mass. Figure [3.4] shows the M 3µ
min and

M 3µ
max respectively for mass points (0.5TeV, 1.5TeV, 2.5TeV, 4TeV,

and 5TeV). It can be seen that the mass peak from the excited muon
is well reconstructed for low invariant masses if M 3µ

min is used and for
high invariant masses if M 3µ

max is used. But these two options rise the
problem that which of the two distributions is better for optimization
of the selection procedure of the signal, but by forming a 2D plot of the
two invariant masses can solve this problem. This application leads to
an inverse L shape, that is if the excited muon mass is reconstructed
by using M 3µ

min it leads to a vertical leg around the simulated mass
while a reconstruction via M 3µ

max leads to a horizontal leg around the
simulated mass.
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(a)

(b)

Figure 3.4: (a) Minimum Invariant mass at generator level, and (b) Maximum Invariant
mass at generator level.
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Figure [3.5] shows the L-shape plot for different simulated mass
points. After performing detector simulation the width of the ”L”
can be expected to have a much larger width because of the muon
momentum resolution of the detector

Figure 3.5: 2D minimum-maximum invariant mass plane, also called L-shape diagram.

It is very important to study the properties of each one of the four
muons. Two of them µCI and µdecay are expected to have high values
of transverse momentum, since µCI is coming from hard interaction
and µdecay is coming from the decay of heavy particle. The two other
muons that are coming from the decay of Z-boson are expected to
have soft transverse momentum spectrum. Figure [3.6] illustrates the
transverse momenta pT of the four muons in increasing order for dif-
ferent mass points, where the leading muon is the highest pT muon.
The leading muon of the mass point Mµ∗=500 GeV have pT ≥ 50 GeV,
while higher masses have have higher values of pT . It is observed also
that the two leading muons have comparable pT . The two slowest
muons have a softer spectrum, even for high µ∗ masses.
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(a) (b)

(c) (d)

Figure 3.6: Leading (a), second to leading (b), 3rd (c) and slowest (d) muon transverse
momenta pT at generator level.

One important step in studying the signal events is to study the Z
particle, as we will construct the µ∗ mass after reconstructing Z. So
figure [3.7] shows the invariant mass of the reconstructed Z-boson and
its transverse momentum pZT for different values of µ∗ mass. It can be
seen that pZT increases for higher masses which leads a small angle be-
tween the decay products. This effect is shown in figure [3.8] where ∆R
between the decay products of Z is plotted and ∆R =

√
∆η2 −∆φ2,

where ∆η, and ∆φ are the pesudorapidity and azimuthal angle differ-
ences respectively between the two muons.
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(a) (b)

Figure 3.7: (a) The invariant mass of the Z particle for different mass points at generator
level. (b) The transverse momentum of the Z particle at generator level.

Figure 3.8: ∆R between the decay products of Z particle.

A further investigation of signal properties is given in figure [3.9],
where the invariant mass of the µCI and µdecay which forms what we
will call from now on the Zveto is shown. This distribution will discrim-
inate the signal against background and after applying a cut on this
invariant mass will enhance the signal over background ratio. In the
same figure the ∆R between µCI and µdecay where it is observed that
its value is large compared to the ∆R between the decay products of
Z, consequently it cannot be used as a discriminating variable.

Table [3.1] lists the cross section x branching ratio of excited muon
to give 4 muons final state.
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(a) (b)

Figure 3.9: (a) The invariant mass of Zveto the as function of the excited muon mass (b)
∆R between µCI and µdecay as function of the excited muon mass.

Mass [GeV] σxBR(µµ∗ → 4µ) [fb] Number of Events

500 1.78x10−1 10000

1000 7.50x10−2 10000

1500 3.07x10−2 10000

2000 1.23x10−2 10000

2500 4.82x10−3 10000

3000 1.86x10−3 10000

3500 7.00x10−4 10000

4000 2.61x10−4 10000

4500 9.59x10−5 10000

5000 3.46x10−5 10000

Table 3.1: List of the cross section x branching ratio of signal events for mass points
considered.

3.3 Background Expectation

Various Standard Model processes can give the same final state as
these signal events. In real data, if the excited muon exist both signal
events (4µ final state) and SM processes that give 4µ will be produced
at LHC (strictly speaking huge number of events that give a variety
of final states), so to discriminate signal events from the huge number
of events we have to identify SM processes that give 4µ final state,
which will be considered as background events.

Various SM background processes were simulated at LO accuracy
at
√
s = 14 TeV using MadGraph5 interfaced with PYTHIA8 for ha-

ronization and showering, and then passed to Delphes3.3 [45] for CMS
detector simulation.
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Delphes is a framework, performing a fast multipurpose detector
response simulation. The simulation includes a track propagation
system embedded in a magnetic field, electromagnetic and hadron
calorimeters, and a muon identification system. Physics objects that
can be used for data analysis are then reconstructed from the sim-
ulated detector response. Although Delphes can simulate the CMS
detector very well, it is not meant to be used for advanced detector
studies, it intended for phenomenological studies as considered in this
thesis.

Table [3.2] lists the background for this analysis and the simulated
number of events.

Process σ [pb] Number of Events

pp→ zz → 4µ 1.16x10−2 750000

pp→ zz → 4τ 1.16x10−2 800000

pp→ zz → 2µ2τ 2.31x10−2 500000

gg → zz → 4` 1.81x10−4 500000

pp→ tt̄z 7.08x10−1 500000

pp→wwz 9.41x10−2 500000

pp→wzz 2.98x10−2 500000

pp→zzz 1.03x10−2 500000

Table 3.2: Standard Model background samples, cross section, and simulated number of
events.

The way how these background processes can lead to a four lepton
final state is summarized below:

1. pp → zz →4` : This is the dominate background for analyses
with a four muon final state. It contributes about 90% of the
background expectations. The Z boson could decay to two muons
2µ, or decays to tau-leptons τ and the tau decay subsequently
to muon and neutrino. Figure [3.10] shows the corresponding
Feynman diagrams for this background.

Figure 3.10: Example Feynman diagrams of the dominate background process.
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2. gg → h → zz →4` : The decay of the Standard Model Higgs
boson to two Z-bosons and subsequently to four leptons can also
result in a four muon final state [46]. The Higgs boson can be
produced in different ways, the process with the highest cross
section is the gluon-gluon fusion shown in figure [3.11].

Figure 3.11: Feynman diagram of the gluon-gluon fusion.

3. tt̄z : This is the second dominate background process. Figure
[3.12] illustrates the production of this process. The top quark
could decay to b-quark and a W± boson, which subsequently
decays to a muon and a neutrino, while the Z boson decays to
di-muon and a four muon final state will be formed.

Figure 3.12: Feynman diagram of tt̄z, the figure illustrates different production mecha-
nisms.

4. WWW, WWZ, ZZZ : Four muons final state could be also
produced by very rare processes such as triple vector production
pp → VVV, where V is the Z or the W boson.These processes
contribute less than 1% of the background expectations. Figure
[3.13] the Feynman diagrams for the triple vector production.
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(a) (b) (c)

Figure 3.13: Example Feynman diagrams for (a) WWZ (b) WZZ (c) ZZZ

3.4 Analysis and Results

Finally we come to the crucial point, the comparison between signal
and background for different kinematic distributions, signal optimiza-
tion, and quantify the discovery potential of the excited muon at LHC
using CMS experiment. We have studied the signal alone at gener-
ator level, so logically the next step is to perform the CMS detector
simulation for signal events, so signal events are run through Delphes
3.3 fast simulation software to simulate the CMS detector response.

Mass (µ∗) [GeV] Weight Process Weight

500 5.35x10−3 pp→ zz → 4µ 4.65x10−3

1000 2.24x10−3 pp→ zz → 4τ 4.34x10−3

1500 9.20x10−3 pp→ zz → 2µ2τ 1.39x10−2

2000 3.70x10−3 gg → zz → 4` 1.09x10−3

2500 1.45x10−3 pp→ tt̄z 4.25x10−1

3000 5.59x10−4 pp→wzz 1.79x10−2

3500 2.10x10−4 pp→wwz 5.65x10−2

4000 7.82x10−5 pp→zzz 6.21x10−2

4500 2.88x10−5 ——– ——–

5000 1.04x10−5 ——– ——–

Table 3.3: Event weights for different mass points of signal events, and for different back-
ground processes.

Specific number of events is simulated for both signal events and
background processes, so to get the number of expected events at LHC;
the different processes are scaled to the correct luminosity (300 fb−1

at the end of the run-II at
√
s = 14TeV) using the event weight:

w =
σL
NMC

(3.2)
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where σ is the cross section of the process, L is the integrated lumi-
nosity which is (300 fb−1), and NMC is the number of events generated.
Table [3.3] lists event weights for both signal and background.

To identify the signal, we use the ”Tight muon ID” [47] as defined
in the Delphes card, candidate muons should be isolated so following
[45], the isolation variable I is defined in the Delphes configuration file
as

I =

∑∆R<R, pT (i)>pmin
T

i6=µ pT (i)

pT (µ)
(3.3)

where the denominator is the transverse momentum of the muon.
The numerator is the sum of transverse momenta above pminT (0.1GeV)
of all particles that lie within a cone of radius R around the muon,
except the muon itself, the cone size is chosen to be R = 0.3, and
muons are considered isolated if I <0.15.

From the study made at generator level we require that the leading
muon pT must pass the following cut:

1. pleadingT > 50 GeV.

As a first comparison between signal and background, we look at
the basic kinematic variables, namely the transverse momentum pT
distribution and pseudorapidity eta distribution for the muons, and
the leading muon pT after applying selection 1.

Figure [3.14] shows the pleadingT of the leading tight muon in the event
and pT of any tight muon in the event distributions. In each figure the
solid lines indicate the signal events, one for each mass. The red color
indicates the main background processes (pp → zz → 4µ, pp → zz
→ 4τ , pp→ zz→ 2µ2τ , and gg → zz→ 4` ), the violet color indicates
(tt̄z), and the green indicates the triple boson processes (WWZ, WZZ,
ZZZ). A characteristic property of the signal events is that they always
contribute to high values of transverse momentum, and background
events tends to be at low values of pT . Figure [3.15] shows the η and
φ distributions.
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Figure 3.14: (a) The transverse momentum pleadingT of the leading tight muon in the event
(b) The transverse momentum pT of any tight muon in the event.
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Figure 3.15: (a) The pesudorapidity η distribution of any tight muon in the event (b) The
azimuthal angle φ distribution of any tight muon in the event.

Here we come to the next step in extracting the signal from back-
ground, that the selection of the Z-boson. Because we want to recon-
struct the excited muon mass, we have to reconstruct the mass of the
Z-boson first, so:

2. We selec muon pair with opposite charges which is closest to the
mass of Z. We apply invariant mass cut 60< MZ1,Z2 <120 [GeV]

Figure [3.16] shows the invariant mass of the Z-boson for both sig-
nal and background after the invariant mass cut and the transverse
momentum of the selected Z-boson.
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Figure 3.16: (a) The invariant mass, and (b) the transverse momentum pT of the selected
Z-boson.

The main difference between the signal and the diboson background
is the number of Z-bosons. While the signal contains only one Z-boson,
the ZZ background should have two. So if the Z-boson is selected from
the signal by using two oppositely charged muons, still another pos-
sibility of two oppositely charged muons which is Zveto. The mass
distribution of the Zveto looks more promising. Signal and background
have different shapes.

Most of the background is gathered around the Z-boson mass while
most of the signal is in the high mass region. So with the following cut,
the background is reduced by a large fraction without losing so much
signal events. Although this cut was implemented to discriminate
against the diboson production, it is still the dominant background.

3. For the other two muons we apply a Z-veto cut, (MµCI ,µdecay
>

150 GeV), with this cut applied to the muon pairs that are no from
the Z we try to reduce the main background pp→ 4µ.
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Figure [3.17] the invariant mass of Zveto before and after cut 3.
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Figure 3.17: (a) The invariant mass of the other reconstructed muon pair which is Zveto
before cut 3, and (b) after cut 3.

For the next selection we will build the minimum invariant mass
M 3µ

min and the maximum invariant mass M 3µ
max which are the most char-

acteristic aspect of the signal and their combination will be used as the
most important discriminator for the signal against the background.
After reconstructing the Z-boson, one of those distributions should
include the reconstructed excited muon. Figure [3.18] illustrates these
two distributions.
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Figure 3.18: (a) Minimum and (b) Maximum invariant masses in comparison with the
background.

We looked at the 4µ system invariant mass and applied the following
cut:

4. M4µ >400, which reduces the background by a large fraction
without loosing so much signal events for all mass points.
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Figure [3.19] shows the invariant mass of the four muons M4µ after
cut 4.
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Figure 3.19: The invariant mass of the 4µ system after applying cut 4.

Finally we come to the last step in selecting the signal events,
namely the L-shape; we build a 2D plot of M 3µ

min and M 3µ
max invari-

ant masses, and we get an ”inverse L letter” only for signal events.
The background in L-shape plot tends to be at low invariant masses,
so to discriminate signal against the background we put a mass se-
lection window around the excited muon mass, and this will our final
selection which is called ”L-shape cut”.

The width of these L-shaped depends on the excited muon mass.
This width is broader for higher masses of µ∗ due to smearing effects of
the detector, so the mass window should be broader at higher masses
which can easily be done given that high mass regions are practically
background free so the mass window is chosen individually for different
mass points that by optimizing the signal efficiency. Figure [3.20]
shows the effect of L-shape cut for different mass points of excited
muons, and for the total background contribution, and figure [3.21]
shows the smearing effects of the detector simulation.
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Figure 3.21: The resolution of pT for different mass points

Detailed number of search mass windows of every mass point of
excited muon is given in table [3.4]. For a numerical comparison be-
tween signal and background table [3.5] and [3.6] lists event yields of
the different mass points of the signal, and the background yield for
the given cut flow. The event yield is the number of weighted events.
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Mass [GeV] Lower Boundery [GeV] Upper Boundery [GeV]

500 450 530

1000 870 1070

1500 1140 1640

2000 1200 2280

2500 1300 2800

3000 1400 3300

3500 1600 3800

4000 1600 4600

4500 1600 5000

5000 1600 6000

Table 3.4: Lower and upper boundaries search mass windows for simulated mass points.

Mass [GeV] pleadingT Z-veto M4µ >150GeV L-shape

500 53.42 83.04 38.07 37.46

1000 22.41 16.92 16.92 16.76

1500 9.20 7.10 7.1 7.05

2000 3.70 2.90 2.90 2.89

2500 1.45 1.31 1.31 1.12

3000 0.559 0.440 0.440 0.439

3500 0.210 0.167 0.167 0.166

4000 7.82x10−2 6.22x10−2 6.22x10−2 6.21x10−2

4500 2.88x10−2 2.31x10−2 2.31x10−2 2.30x10−2

5000 1.04x10−2 8.31x10−3 8.31x10−3 8.27x10−3

Table 3.5: Summarizing event yields for different mass points of the excited muon for the
given cut flow.

Process pleadingT Z-veto M4µ >150GeV L-shape

pp→ zz → 4µ 2723 162.0 40.81 4.364

pp→ zz → 4τ 114 4.34x10−3 0.00 0.00

pp→ zz → 2µ2τ 4090 2.15 5.41x10−1 6.94x10−2

gg → zz → 4` 36.45 1.26 4.97x10−1 5.76x10−2

pp→ tt̄z 29178 48.41 22.51 3.82

pp→wwz 3564 3.84 2.37 1.02

pp→wzz 829 1.214 6.43x10−1 2.14x10−1

pp→zzz 217 7.32x10−1 2.23x10−1 4.34x10−2

Table 3.6: Summarizing event yields for the SM background of the given cut flow.

As noted from tables [3.5] and [3.6] that the cut flow used effectively
reduce the background by significant fraction without loosing so much
signal events.
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The efficiency of the cut flow used is plotted in figure [3.22], where
the error bars are estimated using the rules of statistical error propa-
gation.

To quantify the discovery potential of excited muon at LHC, the
signal significance is computed as follows:

SS =
S√
B

(3.4)

where S indicates the number of weighted events of the signal eval-
uated at each mass point, and B is the number of weighted events
of the total background expectations. Figure [3.22] gives a pictorial
representation of it.
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Figure 3.22: (a) Efficiency of the cut flow and (b) Log Scale of signal significance, as a
function of excited muon mass.

As a final comment in this chapter, the event display of Delphes
software is used to give a geometrical view of the four muon event at
CMS detector. Fig. (3.28) gives 3D view of the CMS detector with
the four muon event of the signal, each green line represents one muon.
Fig. (3.29) gives cross sectional view of the detector.
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Figure 3.23: 3D view of the CMS detector with the four muon event shown in green.

Figure 3.24: Azimuthal angle view of the CMS detector with the four muon event shown
in green
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Gas Electron Multiplier Detector

4.1 What is GEM?!

Gas as Electron Multiplier (GEM) technology is being considered
for the forward muon upgrade of the CMS experiment in Phase 2 of
the CERN - LHC. In this chapter We will state the problems that
the actual CMS muon spectrometer will face after the LS1 and LS2
upgrades of the LHC, and motivate the proposition to install GEM
detectors in the forward region of CMS instead of RPCs.

GEMs [48, 49, 50] are made out of a 50µm thick Kapton foil coated
with a 5µm copper layer on each side, that is chemically drilled to
create a honeycomb pattern of holes, as represented in figure [4.1].The
holes have a diameter of 70µm on both ends and a diameter of 50µm
in the middle. They are separated by 140µm.

Figure 4.1: Electron microscope view of the honeycomb pattern of holes in a GEM foil
[51].

Three GEM foils are stretched and spaced by a few millimeters
using a frame to form a Triple-GEM detector. A cathode plane is
placed on one side and a series of anode strips for the readout on the
other.
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Figure [4.2] illustrates the layers that compose a chamber. GEM
detectors have the same trapezoidal shape as CSCs as they would be
installed in the end-caps.

Figure 4.2: Mechanical construction of the large-area chamber.

The detector is filled with a suitable gas mixture, and a voltage
difference is applied between the two copper layers of each GEM foil
to create a strong electric field inside the holes that act as multipli-
ers. The field directs the electrons towards the regions where they will
be accelerated and create avalanches, so even a small voltage differ-
ence generates the intense fields required to initiate avalanches. This
process is show in figure [4.3].

Figure 4.3: (left) Representation of the electric field created inside the holes, (Right) Signal
amplification for a Triple-GEM detector.
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4.2 CMS Muon System Upgrade

The standard RPCs are not designed to operate at the high rates of
particles that will be reached after LS2 and will lose efficiency. GEM
detectors already used in other experiments present the opportunity
to equip the vacant region with detectors that have proven to maintain
a spatial resolution of the order of 100µm, a time resolution below 5ns,
and a detection efficiency above 98% even at elevated fluxes. So GEM
first implementation in CMS experiment is planned for the GE1/1 sta-
tion in the 1.55< η <2.18 region of the muon endcap mainly to control
muon level-1 trigger rates after the second long LHC shutdown [52].

Figure [4.4] shows the quadrant of the muon system, where instal-
lation of GE1/1 detectors is proposed [52]. This installation will help
to restore redundancy for tracking and triggering in the muon system,
as GEM detectors provide very precise tracking information due to
high spatial resolution. Lack of redundancy in this region will become
critical during the HL-LHC phase after LS2.

Figure 4.4: A quadrant of the R−z cross-section of the CMS detector, highlighting in red
the location of the proposed GE1/1 detector within the CMS muon system.

In the GE1/1 muon system, a pair of Triple-GEM chambers is
combined to form a superchamber. Each superchamber covers a ∼10o

sector, so that 72 superchambers are required (36 in each endcap) to
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form a ring of superchambers that gives full azimuthal coverage. The
superchambers alternate in φ between long (1.55< η <2.18) and short
(1.61< η <2.18) versions, as dictated by the mechanical envelope of
the existing endcap. Each endcap holds 18 long and 18 short super-
chambers. Figure [4.5] shows the superchamber and one endcap GEM
installation.

Figure 4.5: (Left) A pair of GEM chambers form a superchamber. (Right) Long and
short chambers are combined to maximize the instrumentation within given mechanical
constraints in the endcap.

To increase redundancy, and make use of the free space, the in-
stallation of GEM detectors has been proposed by the CMS GEM
Collaboration. Even though GEMs are proposed to be installed dur-
ing LS2, the CMS GEM Collaboration has been allowed to install four
prototypes in CMS during March 2014, at the end of LS1, in order to
test the mechanical feasibility of the installation.

Because of the high penetrating power of muons, their momenta
can also be affected through their motion in solid-iron return yoke of
the magnet in CMS detector. For this kind of interaction, however,
the influence of multiple scattering (known as Coulomb scattering)
cannot be neglected.

Through their motion in the iron segment of thickness L, muons
will obtain transverse momentum ∆PT due to multiple scattering as
shown in figure [4.6].
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Figure 4.6: Illustration of the multiple-scattering error.

In addition to the track measuring error in CMS tracker system one
has to consider the multiple-scattering error. For the general case of
nonrelativistic velocities β, the momentum resolution is given by:

σ(pT )

pT
|MS = 0.045

1

β

1

B[T ]
√
L[m]Xo[m]

Where Xo is the average radiation length of the material traversed
by the muon, and B is the magnetic field strength.

Cathode Strips chambers alone misidentify multiply scattered lower
pT muons as high PT muons. This problem can be overcome by intro-
ducing GEM detectors in conjunction with the CSC system as shown
in figure [4.7], together they provide an accurate measurement of the
muon bending angle that is not affected by multiple scattering. This
discriminates lower pT muons from higher pT muons and reduces the
soft muon rate at the level-1 trigger as shown in figure [4.8], which
will help control the muon trigger rate at the high luminosity LHC.
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Figure 4.7: GEM and CSC system in each station enlarge the lever arm for a bending
angle measurement unaffected by multiple scattering.

Figure 4.8: Simulation of the inclusive muon trigger rate expected for the LHC Phase 2
as function of the Level-1 pT trigger threshold.

4.3 Performance study

As explained in the last chapter; that the muons of excited muon
production and decay is characterized by hard pT specturm which
presents the opportunity to study the performance of the muon sys-
tem of CMS especially at high values of η. So physics signal events
of excited muons to four muons pp→ µµ∗ → µZ→ 4µ, are generated
using PYTHIA8 within the framework of CMS Software (CMSSW)
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at
√
s = 14 TeV, Λ=10TeV, and Mµ∗=0.5TeV, then they are fed into

detector simulation tool GEANT4 for detector geometry 2023 which
contains GEM detector installed.

Figure [4.9] and figure [4.10] shows the occupancy plots for the
two layers of GEM chambers installed at both endcaps, as can be
seen the installation of GEM introduces redundancy in tracking and
reconstruction capabilities for the most challenging region for muon
detection, i.e. at high η.

(a) (b)

Figure 4.9: (a) Simulated Hits (SimHits) of muons in GE1/1 layer1, and (b) layer2 at one
end-cap.

(a) (b)

Figure 4.10: (a) Simulated Hits (SimHits) of muons in GE1/1 layer1, and (b) layer2 at
the other end-cap.
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At high η the muon track projections in the bending plane are also
the shortest giving rise to worsening momentum resolution compared
with the central region. In figure [4.11] we can see the momentum
resolution of muons using the reconstructed inner track (reconstructed
in the tracker) and global track (reconstructed in both the tracker
and the muon system) by requiring the number of matches of RPC
chambers greater than zero which is shown in red, and the number
of matches of GEM chambers are greater than zero as well which is
shown in blue. As can be seen adding GEM chambers results in an
improved momentum resolution.
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Figure 4.11: Momentum resolution between tracks with a GE1/1 added to the present
muon system.

Furthermore the effect of high spatial resolution of GEM is illus-
trated in figure [4.12] where the resolution between simulated hits and
reconstructed hits is shown, and a nearly diagonal behaviour is no-
ticed.
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Figure 4.12: Resoultion between SimHits and RecHits in 2D.
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Each SimHit knows the ID of the detector it was produced in,
position, direction, Time Of Flight (TOF) when it was produced after
the beam interaction, and the energy loss in this hit. Figure [4.13]
shows the TOF, where it can be seen that is around 20ns smaller than
the Bunch Crossing (25ns) which is beneficial at the operation of phase
II of LHC.

(a) (b)

Figure 4.13: (a) Time of flight of muons in layer1, and (b) layer2 at one end-cap.

The track properties of muons in GEM detector are shown in figure
[4.14], as it can be shown there is a plateau in the pseudo-rapidity η
and also in φ distribution.

(a) (b)

Figure 4.14: (a) Muons track in GEM detector as function in η, and (b) Muons track in
GEM detector as function in φ.
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Figure [4.15] shows the reconstruction efficiency of GEM as a func-
tion of φ, as it be shown from efficiency plots, that the detection
efficiency approaches 99% in the currently dead region 1.5< η <2.2.

(a) (b)

Figure 4.15: (a) Efficiency of GEM detector in the region of interest 1.5< η <2.2, and (b)
Efficiency of GEM detector as function of φ.

Adding the GEM subsystem improves momentum resolution for
high-pT endcap muons in the TeV region and increases the robustness
of the muon trigger by providing an independent second trigger path
for the forward muon region. These attributes of the proposed GEM
system will strengthen the ability of CMS to control its muon trigger
rates in the ever more challenging running environments of the fu-
ture. Most weaknesses present in the ME1/1 system will be mitigated
thereby affording fully efficient and clean reconstruction of muons by
improving muon momentum resolution and providing a highly effi-
cient trigger and reconstruction capability reached using the comple-
mentary, robustness and redundancy of two independent technologies
[53].
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Conclusion

Although the Standard Model of Particle Physic is very successful,
but the plethora of particles, large number of free parameters, and the
three generations of matter particles, motivate the search of a complete
theory. Compositeness models are motivated by the fore-mentioned
shortcomings of the SM, excited states within the framework of com-
positeness models have a unique signature in CMS detector.

To summarize the work done in this thesis, we have investigated
the discovery potential of excited muons µ∗ at center of mass energy√
s = 14 TeV and integrated luminosity of 300fb−1 using four muons

final state. In any model of lepton compositeness, excited states occur
naturally and these couples to the SM counterparts through a corre-
sponding term in an effective Lagrangian. The considered channel is
the decay channel pp→ µµ→ µµZ, with the Z gauge boson decaying
into two muons.

The presence of excited muon would alter the shape of kinematical
variables which would be visible at interaction scale in the TeV region.
The extent of these changes depends on the mass of the excited muon
Mµ∗ and the compositeness scale Λ.

After applying selection criteria to enhance the signal significance,
comparison between signal events and SM background shows that have
unique features, and so defines discriminating variables that can be
used to enhance signal against background.

The invariant mass distribution of the three muons forming the ex-
cited muon shows a bump in what is called maximum and minimum
invariant mass plots, upon forming a 2D plot of maximum-minimum
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invariant mass plots, a potential signal will form an inverse L-shape
around its assumed mass, the width of the mass window of excited
muon increase with increasing its mass due to increasing mass resolu-
tion of muons.

In conclusion we believe that if muons have substructure, the ex-
cited state should be observed in 4µ final state at the CMS detector
with 300fb−1 of data. If such signals are indeed found in the next run
of LHC, in later years the excess of the SM expectations could further
stamp for their existence.

GEM detectors are proposed in the run-II of LHC in CMS exper-
iment, performance study of GEM detectors using four muon final
state shows a 98% efficiency in the desired η range 1.55< η <2.18,
which allows GEMs to be used for triggering tasks. The design of
GEMs allows them to be used in the region of high interaction rates.
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