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Abstract

Within the Standard Model (SM) of particle physics, quarks and lep-
tons are understood to be the fundamental particles and their existence have
been verified experimentally. A search for substructure of quarks or study
of quark compositeness is carried out assumming a detector configuration
such that of CMS detector at LHC, using 300 fb~" of integrated luminosity
at a center-of-mass energy+/s = 14 TeV. The discovery of excited muons
(") would be a first indication of lepton compositeness. In the current
study, p* is assumed to be produced via four-fermions contact interactions
in association with a muon (x) and to decay via the gauge mediated process
w* — uy, yielding a final state with two muons and one photon. Monte
Carlo (MC) samples are produced via MadGraph5 and PYTHIA 8 event
generators. To simulate the detector response, GEANT4 which interfaced
to CMS software was used for full simulation and Delphes was used for fast
simulation, assuming the CMS detector configuration. Objects and event
selections are optimized in order to maximize the signal to SM background

ratio.
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Chapter 1

General Review

1.1 Introduction

In particle physics, the Standard Model (SM) describes the interaction
between particles using the weak, strong and electromagnetic interactions
with a great acceptance with the experimental results. But there are still
open questions that cannot be answered by the Standard Model, for exam-
ple; Why quarks and leptons masses span over a large range? Why is there
several generations? This may suggest that the leptons and quarks may not

be fundamental particles and there might exist a more fundamental basis.

In nature, there are many examples for the existence of excited states.
Atoms which are built out of electrons, protons and neutrons, have excited
states as well as baryons and mesons which are constructed by quarks. In
all cases, the excited states are the result of compositeness. For this rea-
son, a discovery of excited leptons could show evidence for an unknown

substructure of these particles.

This thesis is organized in six chapters, a brief description of each chap-

ter is given below.

» Chapter 1 gives a brief introduction to the particle physics, then it

1



CHAPTER 1. GENERAL REVIEW

gives introduction to the Standard Model of Particle Physics and its
current shortcomings. The last section of this chapter discuss the
effective Lagrangian for the theory and the contribution from new
physics and for this I’m interested in the final state with two muons
and a photon. Possible signatures and their characteristics have also
been discussed. A brief review of earlier phenomenological and ex-
perimental studies have been outlined and also the latest results from

the CMS and ATLAS collaborations.

» Chapter 2 gives a brief introduction to the LHC machine design and
different experiments situated on it. A detailed description of one of
the detectors at the LHC, the Compact Muon Solenoid (CMS), has
been presented. Various sub-detectors of the CMS, their design and

performance have been discussed in detail.

e Chapter 3 is an introduction to cosmic rays and how it can be used
to test the performance of Resistive Plate Champers (RPCs). Then
the experimental setup used in this work are given including the RPC
and the scintillation detectors. finally the results for the different tests

which done for the RPC gaps are discussed.

* Chapter 4 summarizes the Monte Carlo simulation in CMS. The full
simulation chain starting from event generation and detector response
simulation up to the data format used in this analysis is explained
briefly. The Monte Carlo signals and background samples generated

throughout this analysis are also introduced in this chapter.

* Chapter 5 shows the different steps of the analysis starting with study-
ing the signal properties and then the selection of the signal and to
compare it with the background. Afterwards, the final selection will

be applied and the results will be presented .



1.2. A BRIEF HISTORY OF PARTICLE PHYSICS

1.2 A Brief History of Particle Physics

We can say that modern particle physics began in 1897, when J.J. Thomp-
son discovered electron, that confirmed the idea of atomic substructure.
Throughout the next several decades chemists and physicists worked to un-
derstand the structure of the atom. The classical physics of Newton and
Maxwell did not describe the emerging world inside the atom. The work
of M. Planck, N. Bohr, W. Heisenberg, E. Schrodinger and others heralded
the birth of quantum mechanics, a new set of physical laws to describe the

behavior of particles at the microscopic scale [[1].

In 1909, E. Rutherford’s student reported some unexpected results from
an experiment assigned by Rutherford. Later in 1911 Rutherford gave the
concept of nucleus by analyzing the data of Geiger and Marsden on the
scattering of - particles against a very thin foil of gold. The data was ex-
plained by the assumption that the atom contains a nucleus of positively
charge dense core and negatively charge cloud of electrons around it. Later
with the discovery of Proton (1920) and Neutron (1932) [2], it was con-
firmed that ordinary matter is made of up of three particles, namely protons,

neutrons and electrons.

During the same period, two of the most important theories in science
come to light: Relativity theory and Quantum theory. These two new theo-
ries together laid to the foundation of Modern particle physics and Quantum
field theory. In 1905 A. Einstein’s photoelectric theory proposed the exis-
tence of a particle, the “photon”, as the quanta of electromagnetic field. In
1923 A.H. Compton proved the existence of photon and its particle char-
acteristics by his famous Compton scattering experiment. Subsequently L.
de Broglie extended particle-wave duality of matter. E. Schrodinger and W.
Heisenberg used wave functions and operators to developing new way to

describing the particles and physical observable.

In 1927, P. Dirac combined the theory of Relativity and Quantum Me-

3



CHAPTER 1. GENERAL REVIEW

chanics into a theory called Quantum Field Theory (QFT) [3] and described
the behavior of free electron. From the solution of the Dirac equation, arose
the concept of anti-matter. In his attempt to explain the solution, Dirac pre-
dicted that for each particle there must exist an oppositely charged particle
with the same mass “antiparticle”. Later in 1933 C. Anderson discovered
the anti-electron (positron) and confirmed the prediction of P. Dirac. This
discovery was the seed for the “radiative effects” (annihilation of particle

and anti-particle).

In 1933-34 E. Fermi put forth a theory of beta decay that introduced
weak interaction. Fermi’s theory of four fermion gave a mathematical proof
of the existence of Pauli’s 'neutron’ dubbed neutrino (or the little neutral
one as called by Fermi) and explained the continuous spectrum of electrons

in the beta decay [4]. This is the first theory to make explicit use of neutrino.

With the discovery of proton and neutron the next question was how
does the nucleus remain in a bound state in a small region E] against the re-
pulsive force between positively charged protons. The concept of strong
force” was postulated to overcome the electric repulsion among the protons
in the nucleus. In 1933-34 H. Yukawa combined relativity and quantum
theory to describe nuclear interaction between nucleons [S)] by exchange of
a new particle called meson and later known as “’pions”. Yukawa concluded
that the mass of these mesons should be ~ 300 times the electron mass. In
1937 a particle with mass ~ 200 times of electron mass was discovered in
cosmic ray experiment and thought to be Yukawa’s pion but later it was con-
firmed to be a muon (1). The term “’lepton” was introduced to describe the
object that does not interact strongly and is light weight. The long awaited
search for pion completed in 1947 with its discovery by C. Powell of Bristol
in cosmic ray experiment. By this time the particles were broadly catego-
rized in three groups, baryons, leptons, and mesons. Further to this M. Gall

Men organized hadrons (mesons and baryons) into his famous “Eightfold

1fm=10"m



1.2. A BRIEF HISTORY OF PARTICLE PHYSICS

way” which predicted the existence of {2-with a strangeness quantum num-
ber of -3.

With the pioneering work of Feynman [6], Schwinger(/]], and Tomon-
aga [8]], who developed quantum electrodynamics (QED) , the era of mod-
ern particle physics started. The QED explained the electromagnetic phe-
nomena at a basic level in terms of exchange of photons. The predictions

given by the QED theory were found to be true with remarkable precision.

The decades of 1940’s and 50’s were full of many interesting discov-
eries in particle physics which solved many known problems of that time
but also tempted physicists to look at particle physics in new perspective. In
1947 a ’strange” particle, K took much attention due to its slow decay pat-
tern. With progress in particle accelerator techniques, in subsequent years
more and more new particles (so called hadrons and mesons) were found.
While the experimenters were searching for {2~ meson and other particles,
Gell-Mann was confidently exploring the meaning of SU(3) hadrons sym-
metry. A more skillful possibility was that threefold symmetry was built
into the structure of hadrons. Gell-Mann began to entertain the idea that
neutrons and protons, and all other baryons are made up of three elemen-
tary particles which come in three types, or flavors namely up(u), down(d),
and strange(s). He first called these elementary particles “quarks” [9]. Gell-
Mann’s theory builds a proton with two u quarks and one d quark or "uud”
in short. In Gell-Mann’s theory the mesons have fundamentally different
structures compared to baryons. They always contain a quark and an anti-
quark. Similarly the predicted 2~ was made up of three s quarks, each
contributing a strangeness of -1. In fact the discovery of ()~ was confirmed
in 1964 at Brookhaven National Laboratory (BNL) and from its subsequent
decays its mass was measured to be 1683 + 12 MeV, very close to 1684
MeV predicted by Gell-Mann. This was a major success for the static quark

model.

By this time the list of elementary particles known to the physicists
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comprised of u, d, and s quarks along with ™, v, u~and v, and the photon;
three quarks, four leptons and a boson. This apparent asymmetry between
the number of leptons and quarks led Glashow and Bjorken to suggest, in
1964, that there might be a fourth quark to event up the numbers and they
named it “charm quark”. Later Glashow, Iliopoulos and Maiani provided
an explanation for the non-occurrence of the decay Ky — p™ +p~ .In 1974
two teams of experimentalists announced independent discovery of a new
and unexpected type of meson [[10,/11]. One group named it J and the other
U and now this particle is known as .J/W. An explanation already existed

for this new particle and it was the lowest mass state of c.

During 1975-1976 more such particles were discovered and existence of
charm quark was firmly established. A new lepton tau (7 ) was discovered
in 1975 that once again created the variation between number of quarks
and leptons. Just after two years, L. Lederman announced the discovery
of Upslion(T) which established the existence of another but more heavier
bottom(b) quark [12]. The T meson was the bound state of . Besides
discovery of different quarks, by this time a new theoretical framework
called Quantum Chromodynamics(QCD) was being developed to explain

the interaction between the quarks.

After establishing the existence of new particle called 7 lepton, M. Perl
et al. performed a deeper study of the properties of the anomalous events
they observed [[13]. They concluded that if the events are to be explained
by a single hypothesis, they must arise from the decay of a pair of new
particles each of which decays to a charged lepton and two neutrinos. Due
to the indirect and convincing evidence of tau-neutrino, scientists started
searching for another quark to maintain the equal number of quarks and

leptons. In 1995 Fermi lab announced the discovery of Top quark [[14} [15]].

Throughout the 1970s and later, physicist tried to put various interac-
tions into a single theory to explain the observed particles and their be-

havior. Glashow, Salam and Weinberg got success in unifying the electro-
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magnetism and weak interaction together into Electroweak theory [[16} [17]]
and predicted the existence of W+ and Z° bosons which were later dis-
covered by the UA1 and UA2 experiments at CERN][18, [19]. From the
precise determination of the mass and width of the Z boson, the number of
light neutrinos with standard coupling to the Z can be derived. Assuming
that the width is purely due to escaping neutrinos, the experiments at LEP

(Large Electron Positron Collider) obtained NV, = 2.984 + 0.008 [20]].

All these discoveries and our present understanding of fundamental
constituents of matter and their interactions has led to the well established
theory of the Standard Model. Whenever a prediction for an experimen-
tal observable has been made by the Standard Model, excellent agreement

with experiments have been found.

1.3 The Standard Model of Particle Physics

The Standard Model (SM) combines Quantum Chromodynamics (QCD)
and electroweak theory to describe the properties of elementary particles
and interactions between them [21) 22]]. For last several decades the SM
has been thoroughly tested in different experiments. Almost all the results

obtained so far agree with very high precision with the predictions of the
SM.

1.3.1 Fundamental Particles

Fundamental particles can be separated into fermions, which are spin
1/> and obey Fermi-Dirac statistics, and bosons, which are integral spin
particles and obey Bose-Einstein statistics. The fundamental fermions are
further divided into leptons and quarks. In the SM, the matter particles are
the six quarks and the six leptons with their corresponding antiparticles.

There are three generations of quarks and leptons. Each generation is a

7



CHAPTER 1. GENERAL REVIEW

more massive copy of the former.

* Leptons: The leptons (/) are: electron (e), muon (x), tau (7 ) and
their corresponding neutrinos v,, v, , v,. Three of the leptons e, u
and 7 carry a unit charge while neutrinos are chargeless. The e, ¢« and
7 interacts via electromagnetic and weak interaction while neutrinos
interact only through weak interaction. Earlier it was thought that
neutrinos do not have any mass but recent experimental results have
confirmed that they carry a very small mass which accounts for the
phenomena of neutrino oscillation [23}24]. Because each lepton has

its anti-particle there are a total of 12 leptons in the SM.

* Quarks: six quarks are: up (u), down (d), charm (c), strange (s),
top (t) and bottom (b) . Each quark carries either a fractional charge
of ~1/3e(d,sand b) or +2/3 e (u,c and t). The quarks interact via
strong interaction as well as electromagnetic and weak interactions.
Since quarks are fermions (spin /2 ) and should obey Pauli’s exclu-
sion principle hence another quantum number “color charge” was as-
signed to each quark. It was formulated that each quark comes in
three colors, red, blue and green. The strong interaction binds quarks
to form what is known as mesons and baryons for e.g. proton (uud)
and neutron (udd). The meson family has one quark and one anti-
quark as its constituent e.g. 7°(uw), 7" (ud), K°(d5)and K°(sd).

Similarly the baryons are made up of three quarks and anti-baryons

of three anti-quarks. Properties of mesons and baryons can be derived

from quarks quantum numbers. Table [I.T]shows three generations of

the family of quarks and leptons.



1.3. THE STANDARD MODEL OF PARTICLE PHYSICS

Generation Leptons (spin = 1/2) Quarks (spin = 1/2)
Flavor | Charge | Mass GeV/c? | Flavor | Charge Mass GeV/c?

. e -1 0.511 U +2/3 1.5—-45
Ve 0 <3x107 d -1/3 5—8.5

5 I -1 105.7 c +2/3 (1.0 —1.4) x 103
vy 0 < 0.19 s -1/3 80 — 155

\ . 1 1777 t | 23 | (1726 £1.4) x 10°
” 0 <182 b <13 | (40— 4.5) x 10°

Table 1.1: There generations of quarks and lebtons, the basic constituents of the

SM [25]

e

virtual photon

Electromagnetic Weak
Elctroweak Interaction

batween quarks T between nucleons
(elementary) Time (compaosite)
Strong Interaction

Figure 1.1: Fundamental Interactions in Standard Model [26]

1.3.2 Fundamental Interactions and their Mediators

All the particles and anti-particles in the SM interact via three known
fundamental forces: electromagnetic, weak and strong interactions, Figure
[I.1] shows Feynman diagrams for these forces. The “gravity” is the fourth
and the weakest force among them. all these forces are described via the
exchange of 12 gauge bosons, eight colored massless gluons (g) for the
strong force, one massless photon () for the electromagnetic force, and
three massive gauge bosons for the weak force (W=, Z). In Table we
summarize the fundamental forces and their mediator with their important

properties. All these fundamental interactions can be described by gauge

9
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field theories, which can be regarded as the common nature of all these

forces.
Force Gauge Boson | Charge | Spin | Mass GeV/c? | Range | Rel. Strength
Strong | Gluons (g) 0 1 0 107%m | 1
EM Photon (7) 0 1 0 00 1/137
w* +1 1 80.42 )
Weak 1078m | 1071
A 1 91.19
Gravity | Graviton 2 0 00 10738

Table 1.2: Fundamental forces with their mediator and some of their properties

[25]

1.3.2.1 Electromagnetic Interaction

The first unification of fundamental forces in human history was the
unification of electric and magnetic forces achieved by Maxwell in 1864
and is known as electromagnetism. The electromagnetic interaction occurs
between two particles having electric charge. the electromagnetic force
manifests itself through the forces between charges (Coulomb’s Law) and
the magnetic force, both of which are summarized in the Lorentz force
law. Fundamentally, both magnetic and electric forces are manifestations
of an exchange force involving the exchange of photons, Thus photons are
the mediator of electromagnetic interaction . The quantum approach to the
electromagnetic force is called quantum electrodynamics or QED [6, 7, 27]].
Now we know that QED is a U(1) Abelian gauge invariant theory [28, [29]].
Electromagnetic interaction is responsible for the binding force that causes
negatively charged electrons to combine with positively charged nuclei to
form atoms. In quantum field theory, any changing electromagnetic fields
or electromagnetic waves can be described in terms of photons, the quanta

of energy.
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1.3. THE STANDARD MODEL OF PARTICLE PHYSICS

1.3.2.2 Weak Interaction

The weak force is the reason for the generation structure of the quarks
and leptons. This is because it changes particles from one type to an-
other. the weak interaction involves the exchange of the intermediate vector
bosons, the W and the Z. Since the mass of these particles is on the order
of 80 GeV, the uncertainty principle dictates a range of about 108 meters

which is about 0.1% of the diameter of a proton.

The discovery of the W and Z particles in 1983 was hailed as a confir-
mation of the theories which connect the weak force to the electromagnetic
force in electroweak unification. The weak interaction acts between both
quarks and leptons, whereas the strong force does not act between leptons.
Leptons have no color, so they do not participate in the strong interactions;
neutrinos have no charge, so they experience no electromagnetic forces; but
all of them join in the weak interactions. The strong and electromagnetic
interactions respect spatial inversion symmetry (they conserve parity) and
are also particle-antiparticle (charge conjugation) symmetric, whereas the

weak interaction violates these two symmetries.

1.3.2.3 Strong Interaction

Quantum Chromodynamics is the gauge theory associated with strong
interaction and describes the interaction amongst color charged particles.
The strong force is responsible for binding quarks together to form hadrons
as well as binding protons and neutrons to form nuclei. However, it is
not an inverse square force like the electromagnetic force and it has a very
short range. Also referred to as the color interaction, the strong force binds
colored quarks through the exchange of colored gluons. Both quarks and
gluons carry color charge. Gluons are the gauge bosons that mediate the
strong force between the quarks. Gluons have eight color states consisting

of color and anti-color. They can modify a quark’s color state to anti-color

11
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state. The properties of the color charge is explained by a gauge symme-
try known as SU(3)¢. This gauge symmetry is at the core of QCD. Each
quark is in the basic triplet of the SU(3)¢ group. The gluons are described
by the adjoint representation of this group, which explains why gluons carry
both color and anti-color charge at the same time. QCD enjoys two pecu-
liar properties which describe the behavior of quarks inside hadrons and

hadrons formation.

Confinement:

it means that the force between quarks does not diminish as they are
separated. Because of this, it would take an infinite amount of energy to
separate two quarks; they are forever bound into hadrons such as the proton
and the neutron. Although analytically unproven, confinement is widely

believed to be true because it explains the failure of free quark searches.

Asymptotic freedom:

which means that at very high-energy, quarks and gluons interact very
weakly. Asymptotic freedom [30] was rediscovered and described in 1973
by Frank Wilczek and David Gross, and independently by David Politzer
the same year. All three shared the Nobel Prize in physics in 2004.

1.3.3 Electroweak Unification

In particle physics, the electroweak interaction is the unified description
of two of the four known fundamental interactions of nature: electromag-
netism and the weak interaction. Although these two forces appear very
different at everyday low energies, the theory models them as two different
aspects of the same force. Above the unification energy, on the order of 100

GeV, they would merge into a single electroweak force.
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1.3. THE STANDARD MODEL OF PARTICLE PHYSICS

This unification was achieved by S. Glashow, S. Weinberg and A. Salam
[16, [17]. The SU(2), ® U(1)y is the symmetry group associated with
this theory. The SU(2), group describes weak isospin(T) and acts only
on the left-handed fermion field. The U(1)y group describes weak hyper-
charge(Y). The electric charge(Q) is related to the weak isospin and weak
hypercharge by ) = T3 + Y/2 where T3 is the third component of weak
isospin. This implies that the charge is conserved in the electroweak theory.
In SU(2), ® U(1)y model, quarks and leptons are assigned as left handed
doublets and right handed singlets. The weak interaction has a very short
range and exists between any of the leptons and quarks. It is responsible
for the radioactive -decay of nuclei. The mediators of the weak force are
W* and Z° bosons as summarized in Table The question of how the
W and Z got so much mass in the spontaneous symmetry breaking is still a
perplexing one. The symmetry-breaking mechanism is called a Higgs field,

and requires a new boson, the Higgs boson to mediate it.

In the SM, the Higgs mechanism is used to give masses to fermions
as well as bosons, including the photon. But we know this is not the case
for photon. To overcome this, the combination of spontaneous symmetry
breaking for SU(2), ® U(1)y in conjunction with the Higgs mechanism is
used to give masses (proportional to the vacuum expectation value of the
Higgs field) to fermions (through Yukawa coupling between the Higgs field
and massless fermions) and to Z° and W= bosons while keeping the U (1)y

symmetry exact and therefore leaving the photon massless.

On 4 July 2012, the two main experiments at the LHC (ATLAS and
CMS) both reported independently that they found a new particle with a
mass of about 125 GeV// c? [31, 32] , which is consistent with the Higgs
boson. On 14 March 2013, it has been confirmed that it is actually Higgs

boson.
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1.4 Current Shortcomings of the Standard Model

Despite the success of the Standard Model, it is rightly believed that it
is not the complete or the final theory. Many unsolved mysteries seem to
require concepts and mechanisms that go beyond our present knowledge.

In this section, a list of some examples of the SM shortcomings is given:

* Unification of Fundamental Forces: An important goal of theoret-
ical physics is to achieve a further simplification in understanding
of nature and to describe the presently known three basic interac-
tions in a unified way, usually referred to as the Grand Unified The-
ory (GUT). The SM leaves, unexplained the reason for very different
strengths of the gauge group of the strong and electroweak interaction
is SU(3) ® SU(2) ® U(1) [21]], and particular values of the quantum
numbers. The idea of Grand Unified Theory(GUT) is that SU(3),
SU(2) and U(1) are subgroups of a larger gauge symmetry groups G
and that quarks and leptons belong to the same multiplet of G. This
higher symmetry is supposed to be unbroken above some very large

mass scale.

* Gravity: SM describes both the strong and electroweak forces but it
does not tell us anything about the fourth fundamental force, gravity.
This led theories to attempt to unify the strong and electroweak with

gravity, Theories of Everything.

* Dark matter and Dark energy: Cosmological observations tell us
the standard model explains about 5% of the energy present in the
universe. About 26% should be dark matter, which would behave
just like other matter, but which only interacts weakly (if at all) with
the Standard Model fields. The SM does not have candidate for dark
matter. The rest (69%) should be dark energy, a constant energy den-

sity for the vacuum. Attempts to explain dark energy in terms of vac-
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uum energy of the standard model lead to a mismatch of 120 orders

of magnitude[33] .

Neutrino masses: experiments show that a neutrino created with a
specific lepton favor (v., v, or v;) can later be measured to have a
different flavor. Moreover the probability of measuring a particular
flavor for a neutrino varies periodically as it propagates. This neu-
trino oscillation phenomena between different favors is not possible

if neutrinos have zero masses as assumed in the SM.

CP Violation: The baryon asymmetry problem in physics refers to
the fact that there is an imbalance in baryonic matter and antibaryonic
matter in the observable universe. The standard model of particle
physics doesn’t provide an obvious explanation for why this should
be so, and it is a natural assumption that the universe be neutral with
all conserved charges. The Big Bang should have produced equal
amounts of matter and antimatter. Since this does not seem to be the
case, it is likely some physical laws must have acted differently or
did not exist for matter and antimatter. There are several competing
hypotheses to explain the imbalance of matter and antimatter that re-
sulted in baryogenesis, but there is as of yet no one consensus theory

to explain the phenomenon.

Hierarchy problem: the standard model introduces particle masses
through a process known as spontaneous symmetry breaking[34/] caused
by the Higgs field. Within the standard model, the mass of the Higgs
gets some very large quantum corrections due to the presence of vir-
tual particles (mostly virtual top quarks). These corrections are much
larger than the actual mass of the Higgs. This means that the bare
mass parameter of the Higgs in the standard model must be fine
tuned in such a way that almost completely cancels the quantum

corrections[35]] . This level of fine-tuning is considered unnatural
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by many theorists. There are also issues of Quantum triviality, which
suggests that it may not be possible to create a consistent quantum

field theory involving elementary scalar particles.

* Fermion generations and their masses: the SM does not explain
why there are three generations of leptons and quarks. Why does
Nature need the two other generations? Why the fermions masses
span over many orders of magnitude?

* Free parameters:
there are 19 free parameters in the SM that must be determined by
experiments:

— lepton masses: M., M, and M, .

— quark masses: M,, M., M;, My, My and M,,.

— CKM matrix parameters: 015, #13, o3 and o.

- U(1), SU(2), and SU(3) gauge couplings: g1, g2, and g3.
— QCD vacuum angle: 0gcp.

— Higgs quadratic coupling: p.

— Higgs self-coupling strength: \.

1.5 Compositeness Model

1.5.1 Introduction

The Standard Model (SM) of elementary particles is a great theory that
has successfully explained the interaction between elementary particles and
agrees with the experimental results. However, there are still several fun-
damental questions that SM cannot answer them. One of this unanswered

question is Why quarks and leptons masses span over a large range? Why
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is there several generations? This may suggest that the leptons and quarks
may not be fundamental particles [36]] and there might exist a more fun-
damental basis [37, 38]. The Compositness Model supposes that above a
characteristic energy scale A, leptons and quarks may not be fundamental
particles but made of smaller constituents called preons. The constituents
could be three fermions or a fermion and a boson. Below the composit-
ness scale A, the interaction become strong and binds the preons together
to form quarks and leptons. At the scale of the constituent binding ener-
gies A, a new strong interaction among quarks and leptons constituents,
preons, should appear. The signature for this compositeness could be a sig-
nificant deviation in the measured cross section (in certain final states) at
large center of mass energy compared to the predictions of the Standard
Model. There is, as yet, no experimental evidence of such a deviation. Null
results from such experimental searches are used to set lower bounds on the

energy scale A above which composite particles of mass * can be found.

1.5.2 A Simple Analogy

We know that the excited states of particles, atoms and molecules have
the same nature, e.g., the excited state of hydrogen atom as shown schemat-
ically in Fig[l.2]In similar manner if quarks have substructure, we expect
them to exhibit excited states. For example the interaction between quarks
with gluons can excite such quarks and they will radiate either a photon or

gluon and come to ground state (as shown in Fig|I.3)).

1.5.3 Theoretical Setup

In phenomenological models, it is assumed that any theory of compos-
iteness at large mass scale must have a low energy limit that preserves the
symmetries of the SM. Contact interactions between quarks and leptons

may appear as the low energy limit of the exchange of heavy particles. At
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‘7
Ground State Excited State

Hydrogen Atom

Figure 1.2: Schematic presentation of the ground and excited state of the
hydrogen atom. A photon is absorbed by the ground state of the hydrogen
atom to reach the excited state. An excited hydrogen atom radiates photons

to reach its ground state.

sufficiently high energies excited fermions could be produced directly. Ac-
cording to the model we consider [39]], they should form weak iso-doublets
and carry electromagnetic charges similar to those of the ordinary fermions.
Excited leptons are assumed to have spin and isospin !/2 to limit the number
of parameters. The only theoretical difference between excited electrons
and muons is the mass of the particles. It is assumed that excited leptons

and neutrinos form a weak isospin doublet [39].

v (v v
<F>L’ZR (z—*>L’ (l—*)R (D

This scenario allows excited leptons to acquire masses prior to SU(2) ®

U(1) symmetry breaking and to limit the number of parameters [41} 42]].
The quantum numbers of excited and ordinary leptons are expected to be

the same and to be conserved in the production and decay processes.
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Figure 1.3: Analogy with excited atom: Excited state resonance of com-

posite quark.

1.5.3.1 Production of 1* via contact interactions

Excited muons can couple to other fermions via contact interaction
which results from the interaction between the subcomponents “preons”.
It strongly depends on the energy scale of the substructure A (composite-
ness scale) and can be described by the effective four-fermion Lagrangian
[39]

*2
g ..
ZLor = W]“]u (1.2)
where A is the compositeness scale, g**represents a coupling constant cho-

sen to be 4, and j,, is the fermion current:

Ju = e fivefe + nfivefs + 0 fivefe + e+ (L= R)  (1.3)

The SM and excited fermions are denoted by f and f*, respectively. -,
is the gamma matrices and the subscripts L (R) refer to left (right) handed
fermions. The 7 factors for left-handed currents are set to be one, and those
for right-handed currents are set to zero for simplicity. The excited muons
can be produced either singly q¢ — pi*(u*ii), or in pairs q§g — p*i*,
through contact interactions. Sincey* 1™ pair production requires larger cen-

tre of mass energy than single pii* production, it is less favored. Thus, we
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will consider only the case of single production which shown in Fig. [1.4]
In case of single p* production gg — p* i, the effective Lagrangian, equa-
tion(/1.3)), is reduced to:

*2

Loy =2

opz (@ a) (A yupr) + hee. (1.4)

The parton level cross sections for single excited muons production through

q a7 7
M
n
? » q B
(@ ()

Figure 1.4: (a) Feynman Diagram of the Contact interactions of excited
muons (u*)with quarks (q) , (b) decay of excited muon (x*) into a SM

muon (u) via an electroweak process. [40]

contact interactions are given by[39]:

N 2 2
o T (8 v M M
U(qq%ll,ll)—&(ﬁ) <1+§) (1— S) (1+ L) as)

~ ~ 2 ~9
- nz S 14
57(qqg — 1*1") = — 14+ — 1.6
o= (2 () e
where
§— M2 ) ME\'?
= =11—-14 1.7

s denotes the Mandelstam variable for the subprocess centre of mass energy

and M- is the excited lepton mass.
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1.5.3.2 Decay of ;/* via gauge mediated interactions

The effective Lagrangian which describes the coupling of excited fermion
states and ground states via gauge interactions is given by[39]:

1 T ’ /T
Loy = oA fro “”[gsfs +gf§WW +qf 5BW]fL + h.c. (1.8)

where o is the covariant bilinear tensor; wa, . and B, are field
strength tensors of the gluon, SU(2), and U(1) gauge fields, with the group
generators A\* (Gell-Mann matrices, 7 (Pauli matrices) and Y (weak hyper-
charge), respectively; and ¢, g and ¢ are the corresponding gauge cou-
plings. The scaling parameters f;, f and f  are assumed to be equal to one.
The first term describes the coupling of excited fermions to the QCD gluon
field, thus it is not applicable to excited muons and the effective Lagrangian

becomes:

1 - T ’ /Y
gg]y[ = ﬂf}%@"uy[g f§WW, + g f EBHU}fL + h.c. (19)

An excited muon can then decay via gauge interactions to a gauge boson
and a SM muon, where it is assumed that the excited muon has a mass
larger than the W and Z boson masses and the main decay mode via gauge

interaction will be two-body decays.

The partial decay width for the gauge mediated interactions is given by

[29]:

* 1gV 3 m%/ ? m%/
L(f* = fV)= fv o\ s) (2 (1.10)

where V' is the gauge boson (v, W or Z), and fy is a parameter that
depends on the boson type:

/Y
h=IT+ 15 (111)
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fz = fT3c08%0y — fésmww (1.12)

_ )
fw =5 (1.13)

where 75 and Y denotes the third component of the weak isospin and
hypercharge of u* respectively, and gy = e/sinfy (e = V4ra), Ow is
the Weinberg angle) and g7 = gw /cosfy are the standard-model 1V and

Z coupling constants.

Hence the partial width for the gauge mediated decay of excited muons

into ordinary muons and photon is given by:

*3
O./,y m

I‘GM(e* — 7#7WV7 Zu) = I A2

s (1.14)

2 /02 2 /02
For my- >> my, mz we can neglect my;, /m;. and m7/m_. terms, and

the total width for gauge interaction decay can be obtained as follows:

*3

. 1m
Lam(e® =y, Wy, Z,) =~ 1Az

(af3+awfiy +azfz)  (1.15)

Figure [I.5] shows the branching ratios (BR) of the three gauge mediated
decay modes of excited muons, y* — w7y (in black), u* — pZ (in red),
p* — v, W (in violet) as a function of m - and at compositeness scale
A = 10 TeV. The excited muon decay into ther, W has the highest
branching ratio, but W will decay further to lepton+; or mostly to hadrons.
Therefore, the decay via photon radiation is the preferred decay mode if a
leptonic final state is demanded. This analysis concentrates on the decay
mode u + -y, such that the final state is ppy. The BR can be renormalized

for all possible decays with muon final state as:

L(p™ = wy)
BR(ii* =
(1 — ) Sy Tom(F 5 1V)

(1.16)
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Figure 1.5: Branching ratios of the decay of excited muons (©*) via contact
interaction (in blue) and the possible gauge mediated decay modes, p1* —
py (in black), p* — puZ (in red), p* — v, W (in violet) as a function of
my+ and at A = 10 TeV.

1.5.3.3 Previous searches for *

Since there is no discovery of p* (or any other f* ) so far, many experi-
ments that previously searched for excited fermions set limits on the x*. In
most cases the limit is expressed in the form of an excluded region in the

(A, m,-) plane. The latest experimental previous results are listed below:

* OPAL (2002) [43]: the OPAL collaboration searched for pair and
single production of excited leptons (I = e, u, 7) by the processes
(efe™ — I*I* — lyly), (ete™ — I*l — llv) at /s =183 - 209 GeV.

The amount of data used in this analysis was 680 pb~! .
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Figure 1.6: OPAL collaboration 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 (m*). The theoretical
cross-section times the branching ratio squared is also shown in (b). The
95% CL upper limits on the ratio of the excited lepton coupling constant to
the compositeness scale, f/A, as a function of the excited lepton mass and

assuming f = f  are shown in (c)

Figures [I.6] show 95% CL upper limits on the cross-section times
branching ratio at /s =208.3 GeV for (a) single and (b) pair produc-
tion of excited leptons as a function of mass (m*). The limit obtained

for the single production of excited muons is calculated assuming
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f = f (see equation . The regions above the curves are ex-
cluded. The 95% CL upper limits on the ratio of the excited lepton
coupling constant to the compositeness scale, f/A, as a function of
the excited lepton mass and assuming f = f are shown in (c). The
regions above the curves are excluded by single production searches
while pair production searches exclude masses below 103.2 GeV for

excited electrons, muons and taus with A = 1 TeV.
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Figure 1.7: L3 collaboration 95% CL upper limits on |f|/A, as a function
of the excited lepton mass with f = f " for (a) e*, p* and 7 (b) v, v;and
V¥ with f = —f' for (c) e*, u* and 7* (d) v}, v, and vy [44]

* L3 (2003)[44]: the L3 collaboration also searched for pair and single
production of excited leptons(l = e, i, T, Ve, V,,, V) at /s =202 _209
GeV. The amount of data used in this analysis was 217 pb~!. They
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set lower limit at 95% CL of 102.8 GeV (96.6 GeV) for the excited
muon mass assuming f = f (f = —f') for excited muon from the
results obtained from pair production searches. In the case of single-
production searches, an upper limit on the cross section was set as a

function of the excited lepton mass.

Figures [1.7] a-d the L3 collaboration 95% CL upper limits on | f|/A,
as a function of the excited lepton mass with f = f' for (a)e*, 11* and

7, (b) v¥,v*and v , and with [ = —f’ for (c) e*, u* and 7, (d)

e’ T

* * *
vy, v, and vy

* CDF (2005) [45]: the CDF collaboration searched for single pro-
duction of excited muons by the process (pp — p*p — ppy) at
Vs = 1.96 TeV. The amount of data used in this analysis was
371pbt . In case of contact interaction production, excited muons
can be excluded for 107 GeV < M, < 853 GeV (A = M)
by CDF. The exclusion limit for gauge production from CDF is 100
GeV < M,» <410 GeV f/A =0.01 GeV 1.

Figure[I.8] shows CDF cross section x branching ratio limits for the
CI and GM models , compared to the CI model prediction forA =
M,,~ and the GM model prediction for A/ f = M,-.

* DO (2008)[46]: the DO collaboration searched for single production
of excited muons by the process (pp — p*p — puy) at /s = 1.96
TeV. The DO data was interpreted in the context of CI production
model and decay via GM model. The amount of data used in this
analysis was 380pb~1. DO sets a 95% CL upper limit on the produc-
tion cross section ranging from 0.057 to 0.112 pb, depending on the
mass of the excited muon. A lower mass limit of the excited muon of
618 GeV for A = 1 TeV was set, see figureI.9).

e CMS and ATLAS: The newest and best limits on excited muons are
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Figure 1.8: CDF collaboration cross section X branching ratio limits for
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indicated.

from the CMS and ATLAS collaborations.

the CI and GM models , compared to the CI model prediction for A =
- and the GM model prediction for A/f = M, The mass limits are

CMS excluded excited

muons with 5fb~'data at /s = 7 T'eV [47] for the range M- > 1.9

TeV for A = M, as shown in figure[I.10} The exclusion limit from
ATLAS is M, > 2.2 TeV for A = M, with 13fb~" data at /s =

8 TeV [48]. Figure [[.T1]shows the exclusion limit from the ATLAS

experiment. As far as known, there are no limits for the four lepton

final state of excited leptons only a search in a two lepton final state
has been performed.
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Figure 1.9: The region in the (M,-,A ) plane excluded by the DO
experiment.[46]
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Figure 1.10: Exclusion limits for excited muon production in the CMS
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Figure 1.11: Exclusion limits for excited muon production in the zi4y chan-
nel from the ATLAS experiment with 13fb~" data at /s = 8 TeV. Left:

Cross section limit; right: Limit on the compositeness scale A.[48]]

29



CHAPTER 1. GENERAL REVIEW

30



Chapter 2

The LHC and the CMS

Experiment

The CMS (Compact Muon Solenoid) detector is one of the two Large
Hadron Collider (LHC) general purpose detectors. It is located at one of the
four interaction points on the LHC. It is designed to detect the particles that
comes out of proton collisions at /s = 14 TeV (currently, LHC is running
at 13 TeV). The first part of this chapter is dedicated to the LHC, the second
is devoted to the CMS detector and in the third part CMS trigger and data

acquisition (DAQ) systems are mentioned.

2.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [49], colloquially known as the ma-
chine”, is the world’s largest and most powerful accelerator. It has a 26.7
km circumference and located on the Swiss-French border near Geneva. It
was built as a discovery machine, with its main focus on discovering the
Higgs boson, the last undiscovered building block of the Standard Model,
but also with the possibility of discovering physics beyond the Standard

31



CHAPTER 2. THE LHC AND THE CMS EXPERIMENT

Model, miniature black holes and many other new phenomena which are

possible at high momentum transfer.

The previous accelerator in the current LHC tunnel was the Large Elec-
tron Positron (LEP) accelerator. It accelerated and collided electrons and
positrons at a center of mass energy of 209 GeV . However, very high en-
ergy loss due to synchrotron radiation made it technically impossible to
accelerate electrons to higher energies. Since the losses due to synchrotron
radiation are inversely proportional to the fourth power of the particle mass,
the proton was chosen for the LHC in order to achieve higher collision en-
ergies.

At its full operational capacity of the collider (expected soon), it will
have two counter-rotating proton beams each with an energy of 7 TeV thus
giving a total collision energy of 14 TeV in the center of mass frame. now,
the LHC collides protons at a center of mass energy of 13 TeV, or a beam

energy of 6.5 TeV/beam.

The LHC is a natural choice as the next step in particle physics. Histor-
ically discoveries of new particles have been dominated by hadron colliders
extending the accessible energy range upwards. In this way the LHC can
be seen as a discovery machine with a dynamic range of discovery from
energy scales of few hundred MeV in case of B-physics to a few TeV for

the discovery of new vector bosons or composite leptons.

The full accelerator complex is shown in figure 2.1l The path of the
proton from production to a collision point begins from a hydrogen gas
bottle that supplies protons to the first stage linear accelerator, Linac2. The
Linac2 uses Radio Frequency Quadrupoles to accelerate the protons to 50
MeV, then, after passing through an 80 m long transfer line, the protons
enter a 157 m circumference Proton Synchrotron Booster (PSB) ring, which
further accelerates them to 1.4 GeV before injecting them into the Proton
Synchrotron (PS). The PS acts as a pre-injector for the LHC. It accelerates
the protons to 26 GeV and splits the 6 bunches injected from the PSB into
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Figure 2.1: Layout of the LHC ring within the CERN accelerator
complex[49].

bunch trains of equally spaced series of bunches, up to 72 bunches long
with 25 ns time separation between bunches. Then, the bunch trains are
injected into the Super Proton Synchrotron (SPS), which is the final stage
of acceleration before injection into the LHC. The SPS accelerate the 26
GeV proton bunches to 450 GeV and injects them via two separate transfer

lines into the clockwise (beam 1) and anti-clockwise (beam 2) LHC rings.

The two main parameters of an accelerator of interest to particle physi-
cists are the center of mass energy of the collision,+/s, and the integrated
luminosity. The LHC is designed to accelerate the 450 GeV proton bunches
injected from the SPS up to 7 TeV in two counter rotating beams, thus ul-
timately achieving a 14 TeV center of mass collision energy. The limiting
factor to the achievable energy of the beam is the magnetic field strength
of the bending dipole magnets. In order to bend 7 TeV protons in the LHC
ring, the average magnetic field needed is 5.5 T. However, because it is
impossible to cover the whole LHC circumference only with the bending

dipoles, the actual magnetic field needed is 8.36 T approaching the limit
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of the maximum reachable magnetic field of 10 T for the superconducting
niobium-titanium filaments that the LHC magnets use. During the 2010
operation, due safety precaution related to the operation of the LHC bend-
ing dipole magnets, the protons were accelerated only up to 3.5 TeV per
beam, half of the design energy, making the center of mass energy of the
collision /s =7 TeV. Now protons is accelerated up to 6.5 TeV per beam,
to reach center of mass energy to /s = 13 TeV, and it is expected that we
reach to the designed energy ” /s =14 TeV” soon. To attain the design

2571, each proton beam will circulate 2808 bunches

luminosity of 1034 em ™~
with ~ 1.15 x 10 protons/bunch in the beam pipe. The proton bunches
will cross each other every 25 ns which will be the collision frequency(40

MHz). Some of the machine and beam parameters are shown in Table2.1].

Beam Parameters

Beam Energy (TeV) 7
Luminosity (em™2s7Y) | 103

Time between collisions (ns) 25
Bunch length (cm) 7.7
Beam radius at interaction point (um) 15.9

Machine parameters

Ring circumference (m) 26658.9

RF frequency (MHz) 400.8

Number of bunches 2808

Number of bunches dipoles 1232
Magnetic length of bending dipoles (m) 14.2
Field of the bending dipoles @) 8.3

Bending radius (m) 2784
Tempereature of the main magnets XK 1.9

Table 2.1: Some important LHC parameters.[25]]

The LHC will also be used to collide heavy ions with heavy ions (as
well with protons) with collision energy of 1.15 PeV. The Pb ions will be
first accelerated by the linear accelerator LINAC3, and the Low-Energy Ion

Ring (LEIR) will be used as an ion storage and cooler unit. The ions will
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be further accelerated by the PS and SPS before being injected into LHC

ring, where they will reach energy of 2.76 TeV per nucleon.

2.2 Luminosity

One of the most important parameters of the LHC or any such other
accelerator is its capability at which it can produce the expected or any new
phenomena. This parameter is called the luminosity (L) and characterizes
the number of collisions in a collider. Mathematically luminosity can be

expressed as:
_ [NiNynyy, F(6)

L
4re,, B*

2.1

where,

f is the frequency of interaction of the proton beams with each other.
For LHC the collision frequency is f =40 M Hz .

* N, 5 are the number of particles per bunch in two colliding beams.
* 1y is the number of bunches per beam.

* 7, is the relativistic gamma factor.

¢ ¢, 1s the normalized transverse beam emittance.

e (3* is the beta function at the collision point.

» F(0) is the factor accounting for reduction in luminosity due to the
crossing angle 6§ = 285 prad of the two beam in the circular ring. The
factor F'(0) depends on the length of the bunch and it is about 85%
for the LHC machine.

The collision frequency of 40 MHz corresponds to a bunch separation of

7.5 m in the LHC ring. The transverse dimension (known as emittance) of
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the beam is another parameter which can affect the luminosity. The RMS
beam size at the interaction point is about 16.7um (with a 3 function of
0.55) while for collision the normalized transverse emittance is 3.75 pm.
To achieve higher luminosity, a simple way is to increase the number of pro-
tons in each bunch. But this is limited by electromagnetic forces between
the colliding bunches. Although the maximum luminosity achievable will

be close to 2 x 10%* em 2571

, at this point to be in a stable region the
nominal luminosity is fixed at 103* em=2s~! . For the early phase of LHC
operation it is foreseen to operate at lower luminosity Lo, ~ 1032 — 1033

em ™25~ and gradually increases to the design luminosity of Ly, ~ 103

cm’2s’1 .

The number of observed events (n.;s) for any physics process and L are
related as,
Neps = 0.BR.€. / L.dt (2.2)

where, o is the cross-section for a particular physics channel, BR is the
branching ratio for the selected decay mode, ¢ is the detection efficiency,

and [ L.dt is the integrated luminosity.

2.3 The LHC experiments

The LHC hosts six experiments four of them placed at the four collision

points:

* CMS and ATLAS (A Toroidal LHC ApparatuS) [50, 51] are located
at points Sand 1 respectively. Both are aiming at peak luminosity of
L = 103 em~2s7! for proton operation CMS and ATLAS are two
general purpose detectors. They have a very rich physics program:
starting from high precision measurements, searching for Higgs bo-
son, looking for new physics, extra dimensions, and even looking for

clues to the nature of dark matter.
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ALICE (An LHC Ion Collision Experiment)[52] is located at point
2 and is optimized to study quark-gluon plasma, a state of matter
wherein quarks and gluons are de-confined. It is aiming at a peak

luminosity of L = 10?" cm™~2s~! for nominal Pb-Pb operation.

LHCb (LHC beauty)[53] is located at point 8 and is aiming at peak
luminosity of L = 103% em~2s~! with 156 bunches for proton oper-
ation. It is dedicated to b-physics, particularly aimed for measuring

the parameters of CP violation in the interactions of b-hadrons.

LHCf (LHC forward)[54] is a small experiment that is located near
from point 1 and is dedicated to measure the energy and numbers of
neutral pions (7°) generated in the forward region of collisions. It

consists of two detectors, 140 m on either side of point 1.

TOTEM (TOTal Elastic and diffractive cross section Measurement)[55]]
is sharing point 5 with CMS and is dedicated to measure total cross
section, elastic scattering and diffractive processes. It is aiming at
peak luminosity of L = 10%° em~2s~! with 156 bunches for proton

operation.

2.4 Compact Muon Solenoid (CMS) Detector

The Compact Muon Solenoid (CMS) [50] is one of two multipurpose

particle detectors at the LHC designed to perform searches for a broad spec-

trum of physics. It is cylindrical in a diameter of 14.6 m and is 21.6 m long.

The detector weighs about 12,500 tons and is one of the heaviest particle

physics detectors ever built. Inside the solenoid, immersed in a 3.8 T field,

are the central tracker and the electromagnetic and hadronic calorimeters.

Outside the solenoid, are the outer and forward calorimeters and, inter-

spersed with the solenoid’s return yoke steel, are the muon detectors. A
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schematic layout of the CMS detector along with main sub-detector sys-
tems is shown in figure 2.2

Superconducting Solenoid
Slicon Tracker
Piel Deector

Bectromagnetic
Calorimeter

Figure 2.2: A schematic view of the CMS detector along with its all major

subdetector systems[36]].
The main characteristics of CMS detector are[50]:

* A high quality tracking system with excellent charged particle mo-

mentum resolution and reconstruction efficiency.

* An excellent electromagnetic calorimeter having a wide coverage of
In| < 3.0, with ~ 1% (at 100 GeV) mass resolution for diphoton and
dielectron system. It has excellent photon and electron isolation with

efficient 7° rejection.

* Good measurement of missing-transverse energy due to hermitic cov-

erage of the detector.

* A high performance muon system for muon identification and mo-

mentum resolution (~ 1% at 100 GeV) over a wide range of energy
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scale and angles.

* Efficient triggering and offline tagging of 7 ’s and b jets due to pres-

ence of pixel detector close to the interaction vertex.

2.4.1 The Coordinate System of CMS

The origin of the coordinate system used by CMS is the nominal col-
lision point in the beam pipe. The x-axis radially points to the center of
the LHC while the y-axis points vertically to the surface of the earth and
the z-axis points horizontally in the counter-clockwise direction of the LHC
ring, i.e. in the same direction as beam 2 of the LHC. Due to the cylindrical
symmetry of the detector and the nature of the physics of the hadronic colli-
sions, three more coordinates are useful when talking about the position of
the detector components and physics objects. First, is the azimuthal angle
¢ in the xy plane with ¢ = 0 in the 4« direction and ¢ = 7/2 in +y direc-
tion. Second, is the polar angle § measured from the —z axis with § = 0 at

+z and # = 7 at —z. Instead of # one can also use the pseudorapidity.

n=—In tan(g) 2.3)

As a possibility to describe distances in the detector, one uses

AR = /(An)? + (A¢)? (24)

This variable defines a distance between two particles and can be used for

different measurements

Geometrically the CMS detector can thought of as consisting of three
parts. The “barrel” - consisting of coaxial cylinders parallel to z direction
and two “’end-caps” - consisting of disks, on 4z and —z ends of the detector.

The magnetic field, inside the solenoid, points in the +z direction.
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2.4.2 The Tracker

Here, the inner tracker of the CMS experiment will be described, based
on [57]. Two parts form the inner tracker: A pixel detector and a strip
detector. Figure [2.3] shows a schematic overview of the tracking system of
CMS. It was developed for a high number of particles per bunch crossing
and for the measurement of a momentum of charged particles up to |n| <
2.5 based on their bending by the magnetic field. Another purpose is the
reconstruction of decay vertices with a very high precision. Both goals are
archived by detecting the hits produced by charged particles in the pixel and
strip detectors. Due to the short time between two bunch crossings (25 n.s),
the tracker has to have a fast response time. For these reasons, the tracker
is based on silicon and placed close to the beamspot, 4.4 cm apart from the

interaction point.
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Figure 2.3: A schematic longitudinal view of the CMS tracker in terms of
different layers and their arrangements in 7 and z direction in one quarter
of the CMS detector[49]].

Pixel detector

The central part of the tracker is the pixel detector, shown separately

in figure [2.4] It consists of three barrel layers, with radii ranging from 4.4
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cm to 10.2 ¢m, and four end-cap disks, two on each side at z = £34.5 cm
and z = £46.5 cm. Together they cover the pseudo-rapidity range up to
In| = 2.5.

Figure 2.4: Layout of pixel detectors and the turbine shaped end-cap disks
in CMS.[25]

Strip detector

The outer part of the tracking system is the silicon-strip-tracker. Its total
length is 5.8 m and its outermost diameter is 2.5 m., it has a lower density
of tracker layers. The strip detector consists of different sub-components:
The tracker inner barrel (TIB), tracker inner disks (TID) and tracker outer
barrel (TOB) that form the barrel region (|| < 0.9) and the tracker endcaps
(TEC) in the endcap region (0.9 < |n| < 2.5) as shown in figure[2.3]

The measurement of the particle’s trajectory is done by silicon sensors.
When a charge particle penetrates the sensor, it creates electrons and holes,
which then drift in the direction of the electric field applied between the
front and the back electrodes. In addition, due to the Lorentz force in-
duced by the magnetic field, they also drift perpendicular to the electric
field, along the plane of the sensor, until collected by the front and the back

electrodes, see figure[2.5] The front side of each sensor is divided into many
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small electrodes and due to the Lorentz drift, the charge deposited by the
particles is collected by several neighboring electrodes. Thus the position
resolution of the hits depends on the size of the electrodes and on the degree

of the charge sharing between the electrodes.
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Figure 2.5: Illustration of the Lorentz drift of the charges induced by the

charged particle passing through the sensor. Only the drift of the negative
charges is shown. Note that the magnetic field direction with respect to the

sensor is different in barrel and in the end-cap.[38]]

2.4.3 Electromagnetic Calorimeter

The main task of the electromagnetic calorimeter (ECAL) [39] is the
measurement of the energy deposit of electrons and photons in a range of
n < 3.0. It is built out of 75848 tungstate (PbWO4) crystals with a length
of 230 mm, a density of 8.28 g/cm? and a radiation length of X, = 0.89
cm which results in nearly 26 radiation lengths for each crystal. The high
number and density of the crystals lead to a fast calorimeter response with a
precise measurement of the energy deposit of electrons and photons. With

a light radiation of 80% in 25 ns. Avalanche photodiodes in the barrel
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region and vacuum phototriodes in the endcaps are used to detect light.
An incoming particle produces an electromagnetic shower that excites the
material of the ECAL which afterwards emits light. This light can then be
detected by the photodetectors to measure the energy of the particle. At
the endcaps in front of the ECAL, preshower detectors are applied. They
are used to distinguish between photons from 7°-decays and photons from
the hard interaction. The granularity of those preshower detectors is even
higher than in the ECAL to distinguish two nearby photons from boosted

n0-decays.

The resolution of the ECAL gets better for higher energies because of
the rising number of particles from the electromagnetic shower. This leads

to higher statistics for the energy measurement. The resolution is given by

On

V== (F

B’ =7

The first term contains the stochastic effects of the energy deposit, the sec-

)? + C? (2.5)

ond one represents the noise of the ECAL from electronics and pileup, and
the third one is a constant for calibration errors. The design values of these

constants lead to[50]:

(%)2 - <\/%> + (%) L03%)?2  (26)
During the first collisions, anomalous energy deposits were discovered in
the barrel of the electromagnetic calorimeter. These deposits are believed
to be due to the direct ionization of the scintillation light sensors, Avalanche
Photo Diodes (APD), positioned at the rear faces of the scintillating crys-
tals, by highly ionizing charged particles, such as secondary low energy
protons, produced during collisions. Because these energy deposits were
observed in single crystals, they were called “spikes”. These anomalous
energy deposits were separated from normal scintillating shower deposits

by their topological and timing characteristics. The topological variable
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compares the energy of the single crystal, E1, to the sum of the energy in
the four adjacent crystals, E4, the so-called ’swiss-cross” variable. A cut
on (1 — F4/FE1) < 0.95 was implemented, which has rejection power that

depends on the transverse energy of the signal:

e 92% for E'T > 3 GeV
e 97% for ET > 5 GeV

* 99% for E'T' > 10 GeV

The timing variable takes advantage of the fact that the charged particles
excite the shower sensor directly, thus causing it to peak about 10 ns earlier.
The timing variable has helped to clean up the anomalous energy deposits

for the non-isolated spikes.

2.4.3.1 Photon Reconstruction

Because of the large Tracker material budget, photons easily convert
into ete™ pairs before reaching ECAL. Tracks from e*e™ can be recon-
structed in the Tracker adding extra information to that already available
from ECAL. Tracks are reconstructed with a specific seed /track finding
method which combines an Out In seed finding starting from the Super-
Clusters in ECAL. Tracks found in this way are subsequently used as start-
ing point for In Out seed/track finding. For each SuperCluster the all posi-
tive - negateve track combinations are considered and a Conversion object
is created for each valid pair. This implies that for a single SuperCluster
there can be more than just one Converted Photon. A maximum number of

3 candidates is stored in the event (the number is configurable).

However, an MVA exploiting the likelihood is built from E/P (E from
Super Cluster and p from the track pair), the tracks delta cot theta, the tracks

delta phi at vertex and the track normalized chi2 is used to chose the best
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candidate. The training is done with a sample of photons for which the two
reconstructed tracks are correclty associated to e "MC truth and one sam-
ple in which the two reconstructed tracks fail the association. The former
is considered signal, the latter background. The MVA data can be accessed
whenever at analysis time if one uses directly the Conversion collection.
What is actually done for reconstruction is that we store in the Photon ob-
ject only the reference to the best candidate, i.e. the conversion with the

largest likelihood value.

2.4.4 Hadronic Calorimeter.

The CMS hadron calorimeter (HCAL)[60] will play a crucial role in
search for new physics at the LHC. It will not only measure the jets from
quarks and gluons but is also important for the measurement of missing
transverse energy (L), where Neutrinos cannot be detected directly by
the detector, but they can be reconstructed as Missing Transverse Energy
(MET). The HCAL also complements electron, photon and muon iden-
tification in ECAL and muon detector respectively. The HCAL in CMS

detector can be categorized in the following pseudorapidity ranges:

Hadron Barrel (HB) in |n| < 1.305, Hadron Endcaps (HE) in 1.305 <
In| < 3.0, Hadron Forwards (HF) in 3.0 < || < 5.0, and the barrel cen-
tral barrel calorimeter is complimented by the hadronic outer (HO) “tail
catcher”, positioned just outside of the solenoid and covering the pseudo-
rapidity range, for || < 1.26. Amongst these only HO is located outside
the solenoid magnet. Fig. 3.6 shows the above categorization schematically

in r - z plane and the respective 7) coverage.

The barrel, end-cap, and outer hadronic calorimeters are all sampling
calorimeters. They consists of plastic scintillators sandwiched between
brass absorbers for energy measurement and material with a high density

(mostly brass and steel) for absorption. The absorber depth of the HCAL

45



CHAPTER 2. THE LHC AND THE CMS EXPERIMENT

Figure 2.6: Longitudinal cross section of the quarter of the CMS detector
showing the positions of the hadronic calorimeter barrel (HB), hadronic
calorimeter endcap (HE), forward hadronic calorimeter (HF), and outer
hadronic calorimeter (HO).[61]]

corresponds to a minimum of 5.8 radiation lengths. For showers that are
not completely stopped in the inner part of the HCAL, the hadronic outer
calorimeter is used. The resolution of the hadronic calorimeter is much

worse than the resolution of the ECAL, it is given by [60]

oe\e [ 100%
<E> = <—\/E/W> +(4.5%) @.7)

Besides measuring the energy deposits of the hadrons, electrons, and
photons, the forward calorimeter has another important function, the lumi-
nosity measurement. It is designed to provide luminosity information on
a bunch-by-bunch basis with statistical precision 1% every second. The

systematic error is approximately 5%.
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2.4.5 Solenoid Magnet

The momentum of particles and their charge is measured by their curva-
ture in the tracker. To guarantee a good resolution also for particles with a
high momentum, one needs a magnetic field of a high strength. The magnet
of the CMS experiment is realized as a superconducting solenoid [S0], re-
sulting in a field strength of 3.8 T. It covers the tracker, the ECAL and parts
of the HCAL and is returned outside by an iron yoke. The cooling system
uses liquid helium with a temperature of 4.65 K. Since the magnetic field
is parallel to the beam axis, the transverse momentum can be measured due
to the bending of a particle with

(&) =03t

where B is the magnetic field strength and r the radius of the bending.

2.4.6 Muon System

One of the essential parts and the outermost component of the CMS de-
tector is the muon system [62, |63]]. Many interesting signatures in particle
physics result in final states with muons, this work depend on an accurate
measurement of the muon momentum and charge up to high energies. Since
muons are relatively long living and minimum ionizing particles, they can
leave the detector and can be detected in the muon system. Due to the
small interaction with the ECAL and HCAL material, their energy can-
not be measured. The way how the muon system works is similar to the
tracker: A charged particle, here a muon, travels through the muon system
and produces hits in the different layers. To guarantee an optimal momen-
tum resolution, the hits from the muon system and the silicon tracker can
be combined. This gives the possibility to reach a resolution in the order
of 5 % for high energetic muons of 1 TeV. Figure presents a schematic

overview of the CMS muon system. It can be seen that it is built out of three
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different kinds of gaseous detectors - namely the Drift Tubes (DT), Cathode
Strip Chambers (CSC), and Resistive Plate Chambers (RPC) - that will be

described below. The three detectors together cover a range of |n| < 2.4.
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Figure 2.7: Schematic overview of the CMS muon system

Drift Tubes

In the barrel region of the detector (|n| < 1.2), a system built out of
drift tubes (DT) is used since the magnetic field is nearly homogeneous and
the muon rate is expected to be small here. The DTs are arranged in four
concentric cylinders (muon stations) around the beam pipe - one between
the hadronic calorimeter and the iron yoke (MB1), two inside the iron yoke
(MB2 + MB3) and one outside the yoke which is the outermost part of
the detector (MB4). Except for MB4 which has 70 drift tube chambers,
all muon stations consist of 60 chambers, summing up to a number of 250
drift chambers in total. Each of them is built out of superlayers which
themselves are formed from four layers of drift cells. The drift cells contain

50 pwm anode wires with a voltage of +3600 V, two cathodes with -1200 V,
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and two electrodes with a voltage of +1800 V (figure [2.8). They are filled
with 85 % Argon and 15% CO,. If a charged particle passes the DT, it
ionizes the gas in the cells. The produced ions and electrons travel to the
cathode and anode and cause an electric pulse that can be measured. While
the fourth muon station contains only two superlayers, the other stations
have three. In case of the three first stations, the two outer ones are used
for the measurement of the » — ¢ component and the inner one is used for
the measurement in z-direction. In comparison to this, both layers of MB4
do only measure the » — ¢ component, meaning that no z-measurement is

performed here.

Muon

Figure 2.8: Schematic overview of a drift cell [S0]

Cathode Strip Chambers

In the endcap region of the detector, cathode strip chambers (CSC) are
used, covering a range from 0.9 < |n| < 2.4 which means that there is an
overlap region with the DTs for 0.9 < |n| < 1.2. In the endcaps, the mag-
netic field is inhomogeneous and the expected muon rate higher than in the
barrel region. Therefore, CSCs are used since they have a shorter response

time and perform better in an inhomogeneous magnetic field. The CSCs are
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shaped trapezoidal and consist of seven panels with cathode strips installed
radially for a precise measurement in ¢ - directionas shown in figure [2.9]
In the gas filled gaps between the panels, six planes of anode wires are ori-
entated perpendicular, allowing the CSCs to measure the radial component
of the muon momentum. Each endcap contains four CSC stations that are
installed perpendicularly to the beam pipe and separated by the iron yoke.
The working principle is similar to the one of DTs: A passing charged par-
ticle causes an ionization of gas that leads to an electric pulse. The CSCs
guarantee a spatial resolution between 75 pm next to the beam spot and

150 pm for CSCs which are further away due to more separated wires.

cathode plane with strips

wire plane (a few wires shown) \ muon

cathode

,,,,,,,,, \ s s o4 s oa s s s WiNes
cathode

induced charge
——— cathode with strips

4 avalanche wires

cathode

/
/
7 trapezoidal panels forming 6 gas gaps

Figure 2.9: Left: Schematic view of a cathode strip chamber (CSC) as it is
used in the endcaps. Right: Working principle of CSCs [50]].

Resistive Plate Chamber

The third type of muon detectors are the resistive plate chambers (RPC).
In comparison to DTs and CSCs, RPCs have a worse spatial resolution, but
a much better response time of a few ns. Due to this short time resolu-
tion, RPCs can separate between different bunch crossings, meaning that a
detected particle can be matched to its origin bunch crossing. Therefore,

RPCs are mainly used as a trigger system. In the barrel region, six lay-

50



2.4. COMPACT MUON SOLENOID (CMS) DETECTOR

ers of RPCs are installed: Two at MB1 and MB2 and one at MB3 and
MB4. This is done because of the fact that also low-pT muons which do
not travel through the whole muon system shall have a high number of hits
in the RPCs. The endcaps consist of four layers of RPCs, covering a range
of |n| < 1.6. They are built out of two gas filled chambers with a small
gap of 2 mm where the read-out strips are located. RPCs are operating in
avalanche mode: If a particle passes the RPC, ionizes the gas. The detached
electrons themselves ionize additional gas atoms producing an avalanche.

This avalanche leads in the end to a strong signal that can be read out.

2.4.7 Muon Reconstruction

Because of the nature of the CMS detector, identification of muons has
high efficiency and also has few misidentification contamination. Muons
are relatively heavy particles therefore their energy loss in materials is
much less. Thus they leave only a track in the central tracker system, a
small energy deposit in the calorimeters, and penetrate the calorimeters,

the solenoid, and the return yoke steel leaving a track in the muon system

2.4.7.1 Tracking Algorithm

A muon passing the CMS detector causes hits in different subdetectors.
These hits are used to reconstruct its trajectory within the detector. An
accurate track reconstruction is essential for the measurement of the muon
momentum and its charge, both can be computed from the bending of the
track in the magnetic field. there are three main effects have to be taken

into account in the muon reconstruction procedures:

* The magnetic field is not homogeneous across the detector.

* Muons with high momentum suffer from an energy loss due to photon

radiation in the whole detector (especially in the iron yoke between
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the muon chambers).

* the flight direction of muons is affected by multiple scattering.

An algorithm based on four steps - trajectory seeding, building, cleaning
and smoothing - converts the muon hits to track segments in the silicon

tracker and the muon system [[75]]:

1. Trajectory Seeding: The starting point for the track reconstruction
defined in this step. It has to be compatible with the beam-spot as
well as with the assumed physics process from the hard interaction.
The two most common trajectory seeds in CMS are either "hit-based”
seeds which require a pair or triplet of hits compatible with the beam
spot or “’state-based” seeds which are specified by an initial momen-

tum and direction without requiring any hits.

2. Trajectory Building: The building of the trajectory starts from the
trajectory seed which was defined in the first step. From this point,
the algorithm proceeds in the direction specified by the seed to find
compatible hits in the following detector layers. This is done by us-
ing a combinatorial Kalman filter [[77] which depends on an iterative
approach to update the trajectory estimation and its covariance ma-
trix by incorporating material effects, for example energy loss due to
radiation or multiple scattering. The final estimation of the trajectory
is then weighted with the information from the measurement of the
new layer combined with the measurements of the other layers. The
propagation of a trajectory state to another position has to take into
account the effects due to the inhomogeneous magnetic field and the

detector materials.

3. Trajectory Cleaning: Within the trajectory building, a large number

of trajectories is produced. Most trajectories share a large fraction of
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their hits which means that they are ambiguous. Therefore, a clean-
ing step is applied which resolves these ambiguities and keeps a max-

imum number of track candidates.

4. Trajectory Smoothing: In the last step of the track building, a back-
ward is applied which allows to use all covariance matrices to all the
intermediate points that have been measured, meaning that the full

gathered information is used to build the track.

2.4.7.2 Reconstruction Algorithms

There are different ways to reconstruct muons in CMS. All of them
start with an independent reconstruction of the muon in the silicon tracker
(tracker track) and in the muon system (standalone-muon track). In the next

step, these two tracks are used to optimize the muon reconstruction [75]].

Standalone Muon

The reconstruction of standalone muon tracks uses measurements and
trajectory building in the muon system. Most of the standalone muons can
later be associated with a tracker track, only a fraction of 1 % of all muons
are standalone without and associated tracker. If the combination with a
tracker track is successful, the muon can be classified as a global muon, as

described below.

Tracker-only track

The tracker-only track reconstruction is similar to the standalone muon
reconstruction, but based on silicon tracker hits. In contrast to standalone
muons, tracker-only tracks cannot be identified as muons but rather have to

be matched to segments in the muon system.
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Global Muon

Global muons combine the information of the silicon tracker and the
muon system to describe the muon with a higher accuracy. At low trans-
verse momentum (pr < 200 GeV), the inner tracker measurement provides
the best momentum resolution since the reconstruction in the muon system
suffers from multiple scattering while at high-p; the momentum measure-
ment can be improved by combining both sub-detectors. The global muon
reconstruction follows an outside-in approach, starting with the standalone
muon track and matching it to a subset of appropriate tracker tracks as
shown in figure For this purpose, a rectangular n — ¢ tracking re-
gion is defined which includes a number of possible tracker-only tracks.
Only tracks that have a transverse momentum of at least 60 % of the stan-
dalone muon track are considered here. Afterwards, additional spatial and
momentum criteria are applied to reduce the number of possibly matching
tracker track for the combination with the standalone muon track. In a last
step, a global fit is applied to all remaining pairs and the one with the low-
est 2 is finally used as the reconstructed global muon. In comparison to the
inside-out reconstruction (see tracker muon), this approach can improve the

momentum resolution at high transverse momentum (pr > 200 GeV).

: T . . M - = StandAlone
L. A
—r Muons

Tracker
tracks ™

Global
Muons

------

Figure 2.10: reconstruction of global muon inside muon system and silicon

tracker. [ /6]
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Tracker Muon

While the global muon reconstruction follows an outside-in approach,
the tracker muon reconstruction depends on an inside-out propagation which
means that it starts with the tracker-only track and matches it to hits in the
calorimeters and the muon system to obtain the tracker muon track. This
approach is very useful for muons that cannot be reconstructed as stan-
dalone muons for some reasons which is the case for a large fraction of low
pr muons (pr < 6 —7 GeV) since they do not add enough hits in the muon
system. Nevertheless, the tracker muon approach can still use the hits in

the muon system for the reconstruction.

2.4.7.3 Muon Reconstruction at High-p,

This analysis depends on an accurate reconstruction of high-py muons.
The reconstruction of muons with high momentum suffers highly from en-
ergy loss by Bremsstrahlung in the iron of the magnet return yoke and from
additional hits produced by the resulting electromagnetic showers. There-
fore, CMS has developed specialized algorithms for the measurement of

TeV muons [78]]:

¢ Tracker-Plus-First-Muon-Station (TPFMS) fit: Since the first muon
station is located before the magnetic return yoke, the measurements
in this station suffer less from Bremsstrahlung than the other stations.
This is exploited in the TPFMS fit which starts with the list of hits
used in the global track, but then only uses the hits from the first

muon station.

* The Picky Fit: Just like the TPFMS fit, the Picky fit starts with the
hits from the global track, but then requires the hits used from muon
chambers with possible contributions from showers (high occupancy)

to have a 22 below a certain threshold.
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To improve the resolution of high-p, muons (and to reduce the tails of
the momentum resolution distribution), the so called ”Cocktail” or ”Tune-
P algorithm has been developed. Based on a muon-by-muon approach,
the algorithm chooses between the tracker, global, TPFMS, and picky fits.
At the beginning of the algorithm, it is checked if there is at least one
muon with Apr/pr < 0.25. Here, Apr is the uncertainty of the trans-
verse momentum that is extracted from the muon fit. If no muon with
Apr/pr < 0.25 can be found, the threshold is raised by 0.15 until at least
one muon can be selected. After a valid muon has been selected, it is tested
if the pp of the inner track is smaller than 200 GeV. If yes, it is used, if
not, the algorithm proceeds with the picky fit if it is valid. In this case, it is
compared to the inner track fit to decide which one is used. If there is no
Picky fit, the TPFMS fit and afterwards the global track is chosen. In the
end, the chosen muon track is compared to the TPFMS fit and the better
one is selected [79, 80].

2.4.7.4 Muon Identification

The combination of different algorithms provides efficient muon recon-
struction. We study the performance of three basic muon identification al-
gorithms: Soft Muon selection, which requires the candidate to be a Tracker
Muon, with a tighter requirement on the matched muon segment; Tight
Muon selection, for which the candidate must be a Global Muon with the
x?%/d.o.f. of the global-muon track fit less than 10, additional quality re-
quirements for the track and transverse impact parameter |dxy| < 2mm
with respect to the primary vertex, the Particle Flow Muon selection, based
on the CMS particle-flow event reconstruction, which combines the infor-
mation from all subdetectors to identify and reconstruct individually par-
ticles produced in the collision. Finally we have High pr muon selection

which used in this analysis and it will described detailed later.
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2.4.7.5 Muon Isolation

There are two types of isolation of muon , Detector based Isolation and
Particle Flow Isolation, shown in figure For Detector based Isolation
, the isolation of the muon is measured in the tracker, in the electromag-
netic calorimeter, in the hadronic calorimeter, and in the outer hadronic
calorimeter. In all cases a hollow cone around the muon with the outer ra-
dius AR = 0.3 is used. The inner, hollow part of the cone is called the veto

cone. It is designed to remove

clusters and tracks Particles
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Clusters

.

neutral
hadron
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Figure 2.11: Detector based Isolation shown left ,and Particle Flow Isola-

tion shown right.

the muon’s own deposits from the calculation of the isolation. In the
tracker the isolation cone is centered around the direction of the muon
track at the interaction point, in the calorimeters the isolation cone is cen-
tered around the point where the muon hits the calorimeters. Particle Flow
Isolation attempts to reconstruct all stable, strongly or electromagnetically
interacting, particles in the event, that is, electrons, photon, muons, and
all charged and neutral hadrons, using information from all of the CMS
sub-detectors. Particle Flow Isolation avoids double counting of energy
deposited in the calorimeters by charged tracks. The two isolation types

calculated as Isolation sum the energy deposits per track momentum in
cone with radius R = \/(An)? + (A¢)? equal 0.3 to 0.5 . Equation
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and [2.10] describe the Detector based Isolation and Particle Flow Isolation,

respectively.

Z Pjt_‘racks + Z E%cal + Z Eéz_‘cal
Pj’rpuon

[CombRelIso = (29)

Sl Pr+ Y ore Br+ 3. Br
P%nuon

(2.10)

IPFRelIso =

2.4.8 L1, HLT Triggers and DAQ System

The LHC was designed for a bunch crossing time of 25 ns which cor-
responds to a collision rate of 40 MHz Although the LHC did only operate
with a bunch crossing time of 50 ns in 2012, a huge number of events was
produced. These processes do also contain events that are not interesting
for further studies. Since it is not possible to store every single event, a
preselection has to be performed. Therefore, a trigger system has been de-
veloped for CMS which is based on two levels: The Level-1 trigger (L1)
and the high level trigger (HLT).

Level-1 Trigger

The first part of the CMS trigger system is the Level-1 trigger. It is lo-
cated in the electronics of the different components of the calorimeters and
the muon system, but not the silicon tracker. The L1 trigger uses only coarse
information about the objects (for example muons and electrons). For this
purpose, it selects characteristic information about them like the energy de-
posit in the calorimeter and hits in the muon system to form the trigger
object. The information of all measured muon and calorimeter objects of
the local triggers are then combined in the global muon and calorimeter
trigger and afterwards in the global trigger which takes the final decision
if an event passes the L1 trigger (Fig. 2.12). With help of the L1 trigger
system, the output rate can be decreased to a few 100 kHz [42]. The Data
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Acquisition (DAQ) system collects the events that pass the L1 trigger and

sends them to a computer farm where the HLT are processed.

L1 Accept

Global Trigger [—] Trigger Control System

4y with MIPASO bits / ‘WET. Hy. 12 Ny E{™

’ Global Muon Trigger I Global Calorimeter Trigge:l

- [
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oT —{ CSC Regional Calorimeter Trigger]
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T T RPC
Local Local Trigger
DT Trigger CSC Trigger] I Trigger Primitive Generators
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DT CsC RPC ECAL HCAL HF
| Muon Trigger | | Calorimeter Trigger |

Figure 2.12: Composition of the Level-1 trigger system, showing the com-

bination of the local trigger to the global trigger [50].

High Level Trigger

After an event passes the Level-1 trigger, it is send to a computer farm
to be further processed in the high level trigger. In contrast to the L1 trig-
ger, the HLT is software based and depends on the full data information.
Therefore, its selection is more advanced. Depending on the analysis tar-
get, different HLT can be selected, for example muon, electron (photon)
or jet triggers. The HLT starts with L1 trigger objects and improves their
performance by adding additional information. In the case of muons, the
L1 track is optimized by including for example tracker information to de-
cide if the muon is a HLT object. The typical pT threshold for single muon
triggers is about 40 GeV and for double muon triggers between 8-22 GeV.
for example The HLT_Mul7_Mu8 which is used in this analysis has trigger
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thresholds of 17 GeV on the highest pt muon(leading muon) and 8 GeV
for the next leading muon. The combination of the L1 trigger and the HLT
reduces the event rate to about 100 Hz. The recorded data that pass the HLT
are reconstructed and send to computing centers (Tiers) all over the world
by the world wide LHC computing grid [64]. One copy of the recorded data
is stored at the Tier-0 at CERN where it can be used for several reprocesses
and reconstructions. The Tier-1 computing centers can also be used to re-
construct data events, but also the computation of Monte-Carlo simulation
can be performed here. Tier-2 are used for the storage of a small amount of

reconstructed data and Monte-Carlo simulation that is needed for analyses.
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Chapter 3

Gas Detectors Performance

3.1 Cosmic Rays

In August 1912, Austrian physicist Victor Hess discovered the cosmic
rays. These high-energy particles arriving from outer space are mainly
(89%) protons but they also include nuclei helium (10%) as well as heavier
nuclei (1%). When cosmic rays penetrate the Earth’s atmosphere, chain of
successive reactions with other atomic nuclei are produced until reacheing

to smallest elementary particles producing the so-called hadronic showers[63].

Top of the atmosphere p

Proton collides with an

/ atmosphere molecule.

Figure 3.1: Primary cosmic particle collides with a molecule of

atmosphere[60]]
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The hadronic shower usually ends with pions that mainly decay to pho-
tons, muons and electrons. These secondary particles produced by the ef-
fect of cascading that eventually get down to the ground [67]. The showers
for secondary particles are spread over a large area and one is constantly
being bombarded by these particles[68]. The rate of the charged particles
produced in the cascade is mostly pions. Some of these will interact via the
strong force with air nuclei while others will spontaneously decay via the

weak force into a muon plus a neutrino or antineutrino:

=+, 3.1)

T+, (3.2)

The muon does not interact with matter via the strong force but only
through the weak and electromagnetic forces. It travels a relatively long
distance while losing its kinetic energy and decays into an electron plus,

neutrino and antineutrino.

So we can consider cosmic rays are a muon source to calibrate the RPC

detector.

3.2 Experimental set up

The detection of energetic muons (which come from cosmic rays eq
3.1)3.2 helps us to study the performance of the Resistive plate champers
(RPCs). The detection process is presented using the scintillation detectors

as a reference.
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Figure 3.2: Cosmic Stand in Nuclear physics laboratory at Helwan Univer-

sity

The testing area for RPC (cosmic stand fig [3.2]) is located in Nuclear
physics laboratory at Helwan University. It is equipped with crane, low
and high voltage power supplies, gas-distribution lines, weather stations
and data acquisition systems (DAQ). It consists of metallic towers where
chambers can be placed horizontally and read out in coincidence with the

passage of triggering muons. Temperature in the halls is kept constant by
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air-conditioning systems. The experimental set-up for cosmic ray muon
test stand consists of a muon trigger system that is provided by a set of
2 scintillators one of them located, on the top and another one in bottom
of the test tower. The gas used is Co Hy Fy(F'reon) , it is distributed via a
parallel system to the chambers. Water vapors are also added to humidify
the operating gas within 40 — 45%. The gas composition is monitored and
known with a relative precision better than 1%. The values of humidity,

temperature and pressure are monitored by Weather Station.

3.2.1 RPC

In (CMS) experiment the RPCs are present in both barrel and end-cap
regions. Wich it plays an important role in achieving the various physics ob-
jectives including measurement of properties of the lately discovered Higgs

boson in the CMS experiment.

The RPC system is complementary to the DT and CSC systems, and
adds robustness and redundancy to the muon system. RPC provide limited

spatial resolution, but excellent time resolution, few nanoseconds.

RPC chambers follow the segmentation of DT chambers (in the barrel).
All of six layers of RPCs are present; the first four are attached to each side
of the MB1 and MB2 DT chambers. The last two are attached to MB3 and
MB4. The chambers are trapezoidal in the end-caps (as shown previously in
fig[2.7).The present CMS end-cap RPCs system consists of three stations:
RE1, RE2 and RE3. One unit of the standard CMS end-cap RPCs consists
of there gas gaps forming a double gap chamber. In CMS the 4" disc which

missed it was installed in LS1.
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Figure 3.3: RPC Double Gap [69]

CMS RPC is made of two parallel high-resistivity Bakelite plates ( 10*°
QQem) with a 2 mm gas gap in between.The gap between the electrodes is
kept constant by small plastic separators. The gaps are filled with Cy Hy Fy
(Freon). The Bakelite planes are externally coated by graphite electrodes,
the two innermost ones set to +9.5 kV, collect the signal induced by crossing
particles using insulated copper strips placed in the middle. This two-gap

design is adopted to add redundancy and increase the charge induced on the
strips(fig 3.3)[70].
CMS requirements for RPCs:

Efficiency more than 95%

Time resolution less than 3 ns (98% within 20 ns)

* Average cluster size less than 3 strips

Rate capability more than 1 kH z/cm?
* Power consumption less than 2-3 W /m?
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* QOperation plateau more than 300 V

¢ No. of streamers less than 10%

The main gap parameters are:

Bakelite thickness: 2 mm

Bakelite bulk resistivity: 1 — 2 10 Qem

Gap width:2 mm

Operating High Voltage: 9 — 9.5 £V

No. of gaps: 3

3.2.1.1 Basic principle of operation

isolator
5 graphite
<+—— bakelite

!—-—__gas

e readout strips

|— To FEB

spacer

Figure 3.4: Layout of double gap RPC [69]

The physical process upon which any gas detector is based on the ion-
ization: when the charged particle passes through a gas volume, it gives rise
to the production of electron-ion pairs. The electrons drift velocity is much
higher compared to that of ions. If an intense enough electric field is ap-
plied throughout the gas volume then the primary electrons produce more
ionizations. The results of this multiplication mechanism in a distribution

of free charged particles in the gas which has the characteristic shape of
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an avalanche. The recombination processes usually take place during the
avalanche development. Photons are produced in such recombination and
they can start the development of secondary avalanches. These are mainly
produced along the axis of the primary avalanche. The regime in which
several secondary avalanches are produced causing large amounts of free
charge in the gas is called streamer regime. Moreover, if the ion-electron
plasma is so large as to connect the two electrodes, then the so called spark
is created. The propagation of the growing number of charges induces a

signal on a read out electrode.

The simplest configuration of RPC detector is shown in fig3.4] Two
planar electrodes made out of a resistive material Bakelite having bulk re-
sistivity of 1 — 2 x 10'° Qem are spaced by 2 mm using spacers. The
electrodes are connected to a high voltage power supply 10 KV in order to
create a uniform and intense electric field in the gap between them. The
importance of the thin layer of graphite which coats the external surface of

the electrodes is to permit uniform application of the high voltage.

The surface resistivity of the graphite coating is high enough to render
it transparent to the electric pulses which are generated by the charge dis-
placement in the gas gap. Because of that the electric charge can be induced
on metallic strips capacitively coupled to the gap. The strips are mounted
on the external surface of the gap from which separated by a layer of mylar
insulator. The strips are like transmission lines with typical characteristic

impedance of about 50 2.
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Figure 3.5: Read out strip

The read out strip consists of 96 strips divided into 3 different regions
(A&B&C 32 strips in each one) fig [3.5] There are a 96 coaxial cables to
connect the electric charge between the strips and the front board(which
transfer the electric charge to signal) by soldering there at the end of the
strip. Each coaxial cable is an indicator to the quality of strips. There is a

flat cable to connect the signal from the front board to the DAQ system.

In principle, RPCs are suitable for detecting all kinds of charged parti-
cles, but in CMS, due to their performance and operation conditions, they

have mostly been placed behind many other detectors to detect muons.

RPCs were operated in streamer mode, i.e., the electric field inside the
gap is kept intense enough to generate limited discharges localized near the
crossing of the ionizing particle. Due to the relatively long relaxation time
of the resistive electrode, this mode is suitable for low-rate experiments,
especially for cosmic-ray experiments. In the last few years a significant
improvement has been achieved by operating the detector in the so-called
avalanche mode [71]]. In this mode the electric field across the gap El is re-

duced and a robust signal amplification is introduced at the front-end elec-

land consequently the gas amplification
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tronics level. The substantial reduction of the charge produced in the gap
improves the rate capability by more than an order of magnitude, allowing

application of RPCs to high-rate experimentE] [72].

3.2.2 Scintillation Detectors

Scintillator Photo Multiplier (PMT)
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Figure 3.6: Scintillation Detectors [66]]

A scintillator depends on the property of luminescence when excited by
ionizing radiation. When stricking the luminescent material by an incom-
ing particle, it absorbs its energy and scintillates, (i.e., re-emit the absorbed
energy in the form of light). Sometimes, the excited state is metastable,
so the relaxation back down from the excited state to lower states is de-
layed (necessitating anywhere from a few nanoseconds to hours depending
on the material), the process then corresponds to either one of two phe-
nomena, depending on the type of transition and hence the emitted optical
photon wavelength, delayed fluorescence or phosphorescence, also called

after-glow.

Isuch as CMS at LHC
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A scintillation detector is obtained when a scintillator is coupled to an
electronic light sensor such as a photomultiplier tube (PMT),photodiode,
or silicon photomultiplier. PMTs absorb the light emitted by the scintillator
and reemit it in the form of electrons ﬂThe subsequent multiplication of
those electrons El results in an electrical pulse which can then be analyzed
and yield meaningful information about the ionizing particle that originally

struck the scintillator.

3.3 RPC Gap performance

There are 3 types of tests for RPC gap performance:

3.3.1 Leakage Test

2012/07/08133

Figure 3.7: leak test system

lvia the photoelectric effect
Zsometimes called photo-electrons
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Figure 3.8: leak test result under 5 mbar for Top Narrow gap

The leak rate test is performed measuring the pressure drop with time
for each gap (fig[3.7).We apply a pressure of 5 mbar using gas system flow
and using U type manometer to detect the change in pressure after keeping

gap 10 minutes under 5 mbar pressure.

The maximum allowed leakage rate is 1% from gap volume (0.3, 0.4

mbar for TW, TN respectively). Notice

* The chamber tripped off at 10000 Volt.

* The flow rate of the gas was 16.5 Liter/Hour for (about 6 hours).

For top Narrow gap (fig3.8) , after checking that there is no leak from the
connectors using leak detector, we noticed that after 10 minutes that the
pressure difference was less than 1% from gap volume. For top wide gap
(fig3.9) , after checking that there is no leak from the connectors using leak
detector, we noticed that after 10 minutes that the pressure difference was

more than 2% from gap volume.
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Figure 3.9: leak test result under 5 mbar for Top Wide gap

3.3.2 Spacer Test

At the end of the leak test all gap spacers are checked in order to spot
any detached one. Using the spacer map which is a transparent sheet having
the layout of the spacer positions is kept aligned on the gap to be tested
fig3.10

Pressure (equal to 5 mbar) is applied at each spacer position and the

I

change in the manometer reading is notedﬂ Practically almost all the spac-
ers incurred a slight change in pressure when the test was conducted . If the

change is less than 0.2 mbar, the spacer is qualified.

For the top narrow gap the pressure difference was high which indi-
cates that the spacers could be broken and for the top wide gap the pressure

difference was low which indicates that the spacers are ok.

'Ideally there should be no change in the reading
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Figure 3.10: top wide spacer map

3.3.3 High Voltage Test

Once the leak and spacer test successfully ended, the gaps are subjected
to a high voltage scan to measure the dark current response. During this
test the high voltage is ramped from 1 kV to 10 kV with steps of 1 kV up
to 8 kV and step of 100 V between 8 kV and 10 kV.

The gap is accepted if the current does not exceed 5uA ﬂ The current
not exceed 1.8 A for both Top Wide and Top Narrow gaps, so the two gaps

are accepted for high voltage test.

Fig[3.11] shows current value with HV for Top Wide gap .

I'The increasing current is indicator to the decrease of the surface resistivity
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Figure 3.11: current vs HV Top Wide gap

Fig[3.12] shows current value for Top Narrow gap.
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Figure 3.12: current vs HV Top Narrow gap
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Chapter 4

Event Generation and Simulation

4.1 Simulation framework

Physics event generation and detector simulation are the earliest steps in
the event processing chain that leads to producing a Monte Carlo samples
suitable for physics analysis. Generation of high-energy-physics events,
i.e. sets of outgoing particles produced in the interactions between two in-
coming particles, must be the first step in the Monte Carlo event processing
chain, then we have later steps depending on the type of simulation what

you want to do.

Standard Steps for full simulation:

* the generation of the particles plus the creation of GenParticles and
GenlJets ” GEN”.

* Geant4 simulation of the detector (energy deposits in the detector

volumes) ” SIM”.
* simulation of detector signal response to the energy deposits ” DIGI”.

 simulation of the L1 trigger ” L1”.
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* data format conversion of the digi signals into the RAW format that
will be provided in the online system "DIGI2RAW”.

* high level trigger "HLT”.

* data format conversion of the RAW format into digi signals "RAW2DIGI”.
* full event reconstruction "RECO”.

* production of alignment and calibration streams "ALCA”.

¢ code run for Data Quality Monturing "DQM”.

¢ code run for validation ” VALIDATION".

Standard steps for fast simulation

 generation of the particles "GEN”.

¢ fast simulation "FASTSIM”.

Brief description for the three basic processes for full simulation: genera-

tion, simulation, and digitalization are given blow

» generation of the event: Monte Carlo Event Generators are used to
generate high-energy-physics events, that in the end will be a set of
outgoing particles produced in the interactions between two incom-
ing particles (mostly proton-proton). a generator is used to produce
data in standard Hep MC format [81]. These events can be filtered
at generation time so that only events with a certain property, for ex-
ample leptonic decay, are kept. The generator is responsible for any
prompt decays (e.g. Z or W bosons) but stores any “stable” parti-
cle expected to propagate through a part of the detector. Because it
only considers immediate decays, there is no need to consider detec-

tor geometry during the generation step, except in controlling what
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particles are considered stable. During this step, the run number for
the simulated data set and event numbers for each event are estab-
lished. Event numbers are generally ordered in a single job, though
events may be omitted because of filtering at each step. Run numbers
for simulated data sets derive from the job options used to generate
the sample and mimic real run numbers used during data taking. A
record of all particles produced by the generator is retained in the
generation output file, MC Truth (Gen), in which the truth is a his-
tory of the interactions from the generator, including incoming and

outgoing particles.

simulation of the detector and physics interactions [82]: the gener-
ated events are then read into the simulation. Cuts can be applied to
select only certain particles to process in the simulation. Each parti-
cle is propagated through the full CMS detector. The configuration
of the detector, including misalignments and distortions, can be set
at run time by the user. The energies deposited in the sensitive por-
tions of the detector are recorded as ’hits”, containing the total energy
deposition, position, and time, and are written to a simulation output
file, called a hit file. Like event generation, the detector simulation in-
formation called "truth” is recorded for each event, MC Truth (Sim).
A record is kept for every particle, whether the particle is to be passed
through the detector simulation or not. In the simulation jobs, truth
tracks and decays for certain particles are stored. This truth contains,
for example, the locations of the conversions of photons within the

inner detector and the subsequent electron and positron tracks.

digitization [82]]: in the digitization jobs, Simulated Data Objects
(SDOs) are created from the truth. These SDOs are maps from the
hits in the sensitive regions of the detector to the particles in the simu-
lation truth record that deposited the hits’ energy. The truth informa-

tion is further processed in the reconstruction jobs and can be used
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during the analysis of simulated data to quantify the success of the
reconstruction software. Also, during the digitization stage, Read
Out Driver (ROD) electronics are simulated. At this stage, detector
noise is added to the event. The first level trigger, implemented with
hardware on the real detector, is also simulated in a ”pass” mode.
Here no events are discarded but each trigger hypothesis is evaluated.
The digitization first constructs ~digits,” inputs to the read out drivers
(RODs) in the detector electronics. The ROD functionality is then
emulated, and the output is a Raw Data Object (RDO) file.

4.2 Mont Carlo (MC) Simulation Samples

4.2.1 MC Signal Samples

For this analysis, MC signal samples for ;4* are carried out with proton-
proton collisions with the CMS detector at LHC, using 300 /b~ of inte-
grated luminosity at a center-of-mass energy /s =14TeV. The samples are
produced using PYTHIA 8 event generator [83]based on the leading or-
der (LO) compositeness model [39], with mass points ranging from 0.5 to
3 TeV with 0.5 TeV steps with A = 10 TeV and ran through GEANT4 for
CMS detector simulation through CMS software release "CMSSW _7_2_0_patch1”

with the following conditions:

conditions PHYS14_25_V3: Define the conditions, such as calibra-

tion, alignment and noise levels.

pileup AVE_20_BX_25ns: define pileup scenario.

* beam-spot NominalCollision2015: define beamspot position.

magField 38T _PostLS1: Use magnetic field description.
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The different generated mass points and its corresponding cross sections
are shown in table.

M- (in GeV) | Cross section [pb] [LO] | N Events
500 0.0141791 10000
1000 0.00626384 10000
1500 0.0028749 10000
2000 0.0013137 10000
2500 0.000608637 10000
3000 0.000276288 10000

Table 4.1: Summary of signal MC samples generated by pythia 8 , number of

generated events and cross sections (LO), used with A= 10 TeV.

MC signal samples for fast simulation for are produced using PYTHIA
8 event generator like the full simulation signal based on the leading or-
der (LO) cross section , with mass points ranging from 0.5 to 3 TeV with
0.5 TeV steps with A = 10 TeV and ran through Delphes Fast Simulator
for CMS detector simulation. The different generated mass points and its

corresponding cross sections are shown in table. [4.1]

4.2.2 SM background samples

The main sources of background for our search are the processes which
produce two leptons and one photon signatures in the detector. The back-
grounds can be categorized into irreducible and reducible types. We con-
sider irreducible backgrounds to be due to Standard Model processes which
produce real, isolated leptons and photons. Reducible backgrounds are

backgrounds due to jet to photon misidentification.

The dominant, irreducible SM background in this search is Drell Yan
production of p+pu~~ where the final state photon is either radiated by an
initial-state parton (initial-state radiation, ISR), or originates from one of

the final-state muons (final-state radiation, FSR). The second most impor-
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tant background is due to Drell Yan production associated with jets (Z+jets),
where a jet is misidentified as a photon [84]. Other less significant back-
grounds originate from diboson events (WW, WZ, ZZ), and also from ¢t~y
production. These backgrounds are mainly suppressed by requiring high
transverse momentum thresholds on the leptons and photon. All back-

grounds are estimated from the MC simulation.

The SM background samples: Z~,tt,v, WW, W Z and ZZ are gen-
erated with MadGraph5 [85]. PYTHIA 8 was also used to perform the
fragmentation and hadronization of samples that were generated with Mad-
Graph. All MC events used in this analysis have been passed through

Delphes Fast Simulator for CMS detector simulation.

To get the number of expected background events, the different pro-

cesses are scaled to the correct luminosity, using the event weight

L ata
W, = Ldmt 4.1)
me _ Nevents (42)
Ome

In this case, N stands for the number of generated events, for the cross sec-
tion of the process , Lgq, the integrated luminosity of the data (300 fb~1),

and L,,. the luminosity of the background process.

Tabld4.2presents the number of events generated for SM background
samples, the corresponding Leading Order (LO) cross sections and the cal-

culated weights.
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Process Cross section [pb] [LO] | N Events weight
Zy — 2y 1.3940 £+ 0.0011 500000 0.8364
ttry 0.02274 +£ 1.1e-05 500000 | 0.013638
ww 0.45500 + 0.00028 500000 0.273
wz 0.33860 + 0.00017 500000 0.20316
V4 0.004737 £ 2e-06 500000 | 0.0028422

Table 4.2: Summary of the used MC background samples, generated by Mad-
Graph5 with the corresponding LO cross sections, number of generated events and

the corresponding weight.
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Chapter 5

Analysis and Results

5.1 Full simulation Signal analysis

5.1.1 Signal Properties

Before starting with the optimization of the event selection (Sec. [5.1.2),
the behavior of the signal has to be understood. Therefore, characteristic
distributions of the basic kinematics variables of the signal are studied, and
their dependence on the p* mass. Later, this will help to distinguish sig-
nal from background events to discriminate the background without losing

much signal efficiency.

As said before, a search for excited muons in the two muons plus one
photon final state will be performed in this analysis. The excited muon de-
cays to a Standard Model muon and photon . But there is a small problem,
each event contains two muons, only one of them are from the ;* decay and
the other from production process. There are two combinations of muons
and photon which could be form the p*, Those two combinations can be
divided into the minimum invariant mass M,,;, and the maximum invari-
ant mass M,,,., shown in ﬁgur for different 1" masses. It can be seen

that the mass peak from the excited muon is well reconstructed for low in-
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variant masses if M,,;, is used and for high invariant masses if M, is
used. This leads to the problem that it is not really sure which of the two
distributions is the better one for the optimization of the search window. A
possible solution can be found by using the two-dimensional M,,,;,, — M,qx
invariant mass plane This application leads to an “inverse letter L which
can be used for a combined cut on M,,;,, and M,, ... If the excited muon is
reconstructed by using M,,;,, it leads to the vertical leg around the signal
mass while a reconstruction via M,,,, gives the entries for the horizontal

leg. A more about L-Shape cut will be discussed in section (5.1.3).
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Figure 5.1: Invariant mass plots for different * masses, left, Minimum

invariant mass M,,;,; right, Maximum invariant mass M. ;

The next important step is to understand the properties of the final state
objects. the final state is represented by two muons plus one photon. Since
the selection of the identification criteria as well as the acceptance cuts
depend on the transverse momentum of final state objects it is important to
have a look at the py of these objects (see figure . The two leading
muons nearly have a pp of at least 35 GeV for every mass point, and for
leading photon a large fraction of them have a Er > 35 GeV. In addition
to this, it can be seen that even for low masses a large fraction of the two

muons have a pp > 200 GeV which will be used for an optimal signal

selection see section(5.1.3]).
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Figure 5.2: Transverse momentum the final state objects, up-left: the py for
the leading muon; up-right: the py for the next to leading muon; down Ep

of the highest p; photon.

5.1.2 Reconstruction and Event Selection

After understanding the signal kinematics, its selection can be discussed.

The main goal is to distinguish it from the background.

5.1.2.1 Trigger and Acceptance

The trigger used in this analysis is the HLT_Mul7_Mu8 trigger, which
put cut on leading muon to be has transverse momentum greater than 17
TeV and the next to leading muon to has 8 T'eV. Therefore, the acceptance
cuts are applied to both two leading muons and leading photon. For muons
the acceptance cuts are set to || < 2.1 and pr > 35 GeV/, while for photon
set to [n| < 1.4442 and Er > 35 GeV.
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5.1.2.2 Muon Identification

After setting the trigger and the geometrical acceptance, the quality cri-
teria for the muon identification (muon ID) have to be applied. Only well re-
constructed muons should pass the quality criteria. There are different kinds
of muon requirements based on the target of an analysis. Since the signal
leads to muons with medium or high transverse momentum (Sec. 6.1),
the high-pT muon ID [86] recommended by the CMS Muon Physics Ob-
ject Group (POG) [87] for muons with high transverse momentum (> 200
GeV) is used. The quality criteria for the high-p; muon ID are:

* The muon has to be reconstructed as a global muon: A global-muon
track (outside-in) has been fitted by combining the hits from the
standalone-muon track and the tracker muon track. More details

about muon reconstruction are given in Chap.

¢ There has to be at least one muon chamber with hits included in the
global-muon track fit. If this is not the case, the muon is most likely

also not reconstructed as a global muon.

* At least two muon stations must have muon segments. This cut also
implies that the muon has to be a tracker muon. It is applied to sup-
press the hadronic ”punch-through” as well as muons from decays-
in-flight. Hadronic ”punch-throughs” are high energy hadrons that
are not fully absorbed in the HCAL and generate hits in the muon
system. Normally, these events do not reach the second muon station
being absorbed by the iron yoke of the magnet before. Muons from
decays-in-flight originate from the decay of, for example, kaons and

pions.

* The transverse impact parameter with respect to the primary vertex
dxy has to be less than 0.2 cm. This selection is used to suppress

cosmic muons and again muons from decays-in-fight.
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* The longitudinal distance with respect to the primary vertex d, has
to be less than 0.5 cm. This selection suppresses cosmic muons and
again muons from decays-inflight.In addition, it can also suppress

tracks from pileup.

* For a good pr Requiring more than five tracker layers leads to a better
pr measurement and to a smaller uncertainty. Until 2012, the number
of tracker layers with hits had to be more than 8, but it has been re-
duced and an additional cut on Apy/pr has been applied to increase

the selection efficiency.

* The ratio of the uncertainty on the pr measurement with respect to
the measured pr has to be less than 30% (Apz/pr < 0.3). This cut
was added to compensate the reduction of the number of tracker hits,
leading to an increase of absolute the overall efficiency per muon by
5% without additional, badly reconstructed muons passing the selec-

tion.

* There has to be at least one hit in the pixel detector to suppress muons

from decays in- flight and to guarantee a good vertex reconstruction.

In addition to the muon identification criteria, it is required that the muons
have to be isolated. There are different ways of applying isolation to muons,
but the two most common ones are the tracker relative isolation (TRK-
isolation) and the particle-flow isolation (PF-isolation). The TRK-isolation
adds up any track in a cone of AR = \/(A¢)? + (An)? < 0.3 with re-

spect to the muon, except the track of the muon itself. Afterwards, the

ratio between the sum-py of those tracks and the muon track pT is used
as the discriminator variable for the isolation. In contrast to TRK-isolation,
particle-flow isolation uses the sum-py of all charged hadrons and the trans-
verse energy of all photons and neutral hadrons within a cone of AR < 0.4.

The discriminator variable is then the ratio of this number and the muon
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track pr . In comparison to TRK-isolation, PF isolation mostly has a better
performance and can also include pileup corrections [78]. Therefore, PF-
isolation with A/-correction (pileup correction) is applied to the muons in

this analysis with a loose cut of

S pr+ ma{0, Sl B+ 3, Br = ¢ e pr} _

muon

Pr

0.12

lPFRelIso -

S.D

where the factor ¢ = 0.5 corresponds to a naive average of neutral to
charged particles. Here, char. had.” are the charged hadrons, ’neutr. had.”

are the neutral hadrons, 7" are the photons and ”pileup” are the additional

pileup tracks in AR < 0.4.

5.1.2.3 Photon Identification

Photons () can only be reconstructed in the electromagnetic calorime-
ter in form of showers that are called superclusters. As they are neutral,
they do not leave any signature in the tracker. The selection criteria we use
on the photons rely on the recommended ”CutBasedPhotonldentification-

Run2” with the “’tight” selection [88]:

e Er > 35 GeV and |n| < 1.444(barrel only).

* ratio between energy deposited in hadronic calorimeter and energy
deposited in electromagnetic calorimeter H/E < 0.01 to reduce

hadronic contamination.
* ainin < 0.01[]
* Charged Hadron /so* < 1.66.

* Neutral Hadron Iso* < (0.14 + exp(0.0028*p,. + 0.5408)).

Loinin variable measure shower shape defining it in units of the crystal spacing.
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e Photon /so* < (1.40 + (0.0014*p7.)).

The isolation variables (*) are the so called rho-corrected particle flow iso-

lation. It is defined by:

Iso = maz(PFIso— p.EA;,0.) (5.2)

where EA is the |n|-dependent effective area.

5.1.3 Selection Strategy for Full Simulation > Control Re-

gion”

* Preselection region

Selection 1: applying Double muon trigger (Pr > 17 GeV and
8 GeV).

Selection 2: Acceptance for two muons and photon:

* for muons: each muon needs to have pr > 35 GeV and

In| < 2.1.
s for photon: Er > 35 GeV and |n| < 1.444 (barrel only).

Selection 3: select the high-pr muon ID [86]] recommended by
the CMS Muon Physics Object Group (POG) [87].

Selection 4: select photons rely on the recommended “Cut-
BasedPhotonldentificationRun2” with the “tight” selection [|88]].
Each event needs to have at least two muons, as well as at least
one photon, where photon should be separated from each of
the selected muons in the n — ¢ plane by AR > 0.7, where
AR = \/(A¢)? + (An)? ) and A¢ and A are the azimuthal

angle and pseudorapidity differences between the photon and

the muon.
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— Selection 5: As many background simulations have a lower cut

on invariant masses and we want to avoid to include simulations

for low mass resonances, we apply a cut on the invariant di-

muon mass:

M (u, pv) > 60GeV

* Full Selection region

(5.3)

To further reduce the dominant background (Z+) and maximize sig-

nal significance, in particular for low m* we apply a tighter cut on

the invariant dimuon mass:

M (p, ) > M(Z) 4+ 25GeV

(5.4)

these cuts are referred to as the full selection. Table [5.1] summarized

number of weighted events after each selection.

signal mass points (GeV)

# of Weighted events

Trigger

Acceptance

Mu selection

Pho selection

M (g, 1) > 60

Z-veto

500

4253.73

3707.551068

2593.073808

154.410399

58.701474

58.701474

58.701474

1000

1879.152

1706.270016

1282.7091552

79.86396

35.1401424

35.1401424

35.1401424

1500

862.47

799.682184

632.018016

38.293668

19.83681

19.83681

19.664316

2000

394.11

366.443478

297.355995

18.12906

8.433954

8.433954

8.433954

2500

182.5911

171.65389311

140.9603292

9.00174123

4.7473686

4.7473686

4.7473686

3000

82.8864

77.9961024

65.14042176

4.15260864

1.92296448

1.92296448

1.92296448

Table 5.1: Summary of the number of weighted events for full simulation signal

mass points before any selection, and after each selection.

¢ Final Selection

From the selected objects, as shown in figure[5.1] it is not clear how to

reconstruct the mass of a potential excited muon. There are two pos-

sibilities. Instead of choosing one, we calculate both invariant masses

and distinguish them by mass, calling the higher one as M,,,,.., while

the smaller one is referred as M,,,;,. Plotting both in a 2 dimensional

plane. The signals accumulate in regions around the generated p*

mass that have the shape of an inverted L see figure this figure
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describe M,,;, and M,, ., in 2 dimensional plane after applying the

all selections described above.
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Figure 5.3: Two dimensional M,,,;,, — M,,.. plane with several signal mass

points

5.2 Fast Simulation Analysis and Results

5.2.1 Selection Strategy for Fast Simulation > Control Re-

gion”

* Preselection region A preselection lower pT cut of 17 GeV and 8 GeV

were set on the leading and the next to leading muons respectively.

This cut acts like a trigger cut in data, therefore whenever we refer to

trigger we mean this pp offline cut. Further selections on the event

content are applied on several steps as shown:

— Selection 1: Acceptance for two muons and photon:

91



CHAPTER 5. ANALYSIS AND RESULTS

% for muons: each muon needs to have pr > 35GeV and

In| < 2.1.
s for photon: Er > 35 GeV and |n| < 1.444 (barrel only).

— Selection 2: Each event needs to have at least two muons, as
well as at least one photon, where photon should be separated
from each of the selected muons in then — ¢ plane by AR > 0.7,
where AR = /(A¢)? + (An)? ) and Agand An are the az-
imuthal angle and pseudorapidity differences between the pho-
ton and the muon. Figure show distribution of AR(f,7)
andA R(usz, ) after applying this selection .

=)
>

Diboson
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Events/0.10 GeV

7 8
AR(u2,y)[GeV]

6 7
AR(u1,y)[GeV]

Figure 5.4: show distribution of (AR(u1,7y) andAR(uz,7y) ),on left and

right respectively after selection 2.

— Selection 3: As many background simulations have a lower cut
on invariant masses and we want to avoid to include simulations
for low mass resonances, we apply a cut on the invariant di-

muon mass: M (p, 1) > 60GeV.

Figures [5.5] and [5.6] show the distribution of the invariant mass
of the two highest pr muons. M;,,(1p2) and their AR(ju f19)
before selection 1 and after the selection 3 Form these two sets
of plots, the effect of the our presection cuts is clear and lead to

enhance the ratio of the signal over the background.
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Figure 5.5: the two leading pr muons invariant mass distributions before

selection 1 (left plot) and after selection 3 (right plot).

With all the above selections, we have achieved what we refer
to as the preselection. Figure show the leading muon trans-
verse momentum (p7) and the leading photon transverse energy
(E7) respectively. Figure|5.8| show the minimum and the max-
imum invariant mass distributions of the muon-photon system

after the preselection.

* Full Selection region

To further reduce the dominant background (Z~) we apply a tighter

cut on the invariant dimuon mass:
M (p, ) > M(Z) + 25GeV

These cuts are referred to as the full selection. Figures[5.9]show cor-
responding distributions for the leading muon transverse momentum
(pr) and the leading photon transverse energy (f£7) respectively and
figure represent the minimum and the maximum invariant mass
distributions of the muon-photon system after the full selection. Ac-
cording these distributions, our selection cut are very effective and
especially the last one that affect the SM Z~ background while min-
imally affect the signal.
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Figure 5.6: the two leading pr muons AR(u4, uo distributions before se-

lection 1 (left plot) and after selection 3 (right plot).

Figure [5.12] shows the selection efficiency of the different steps for

different mass points of signals that lead to the full selection.

Background

# of weighted events before any selection

# of weighted events after pre selection

# of weighted events after full selection

Zy 418200 12016.5588 122.9508
thy 6819 344.441328 258.78105
ww 136500 3.822 2.184
wz 101580 47.13312 1.42212
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28.422

3.0468384

1.3159386

Table 5.2: Summary of the number of weighted events for fast simulation SM

background before any selection, after pre selection and after full selection

¢ Final Selection

From the selected objects, it is not clear how to reconstruct the mass

of a potential excited muon. There are two equal possibilities; the ex-

cited muon decays to the leading muon plus the photon or it decays to

the next-to-leading muon plus the photon. Instead of choosing one,

we calculate both invariant masses and distinguish them by mass,

calling the higher one as M,,,,, while the smaller one is referred as

M ,in. Plotting both in a 2 dimensional plane leads to the distribu-

tions that can be seen in Fig. [5.11} The background is here spread in

the low mass region, while the signals accumulate in regions around
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Figure 5.7: On the left, the py distribution of the leading muon after the

preselection (selection 3). On the right, the Ep distribution of the leading
photon.
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Figure 5.8: The minimum (left) and the maximum (right) muon-photon

invariant mass distributions after the preselection (selection 3).

the generated p*mass that have the shape of an inverted L.

To apply the final selection and further increase ratio of signal to
background, we form search regions of the shape of those Ls for the
further statistical interpretation (L-shape cut). These search regions
are placed symmetrically around the generated mass of each signal

point. Their width is chosen by optimizing with respect to the best
expected limit.
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Figure 5.9: On the left, the py distribution of the leading muon, On the
right, the Ep distribution of the leading photon, after the full selection (se-

lection 4).
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Figure 5.10: The minimum (left) and the maximum (right) muon-photon

invariant mass distributions after the full selection (selection 4).

5.2.2 Results

Fig. [5.12] shows the selection efficiency of our cut flow for different
mass points of signals that lead to the full selection. It is clear from this
plot that our event selection does not depend on the excited muon mass.
This is so important to avoid base in our analysis. The number of weighted
events left after each cut are listed in table [5.2|for background and table[5.3]

for signal at different simulated excited muon mass.
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Figure 5.11: Two dimensional M,,;, — M,,,. plane with several signal

simulations and background.

Signal | # of weighted events before any selection | # of weighted events after pre selection | # of weighted events after full selection
500 4253.73 1595.14875 1590.89502
1000 1879.152 803.33748 802.7737344
1500 862.47 375.346944 375.260697
2000 394.11 170.452575 170.452575
2500 182.5911 74.07720927 74.07720927
3000 82.8864 32.26767552 32.26767552

Table 5.3: Summary of the number of weighted events for fast simulation signal

mass points before any selection, and after each selection.
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Figure 5.12: Signal efficiency of different steps in the analysis depending
on the generated excited muon mass. Acceptance here refers to the pr and

|n| cuts.
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Conclusion

What is so special about the number “three”, in which the quark and
lepton families exist? Could possibly be answered if we find that quarks
do have substructure. This may also shed some light on some other fun-
damental questions like the difference mass amongst the three families and
could possibly reveal any new hidden underlying interaction among these
constituent of quarks. We have investigated the potential of using the 2u +
v final states at the LHC for probing possible substructure of leptons (we
focused our search on excited muon). We optimized the objects and event
selection in order to get the maximum signal to SM background ratio, as

follow:

Select two highest p muons and the highest p; photon within accep-

tance (pr & |])

— for muons: each muon needs to have pr > 35 GeVand |n| <

2.1.

— for photon: Er > 35 GeV and |n| < 1.444 (barrel only).

put cut on AR(u,y) to be greater than 0.7.

* we apply a cut on the invariant di-muon mass: M (p, 1) > 60 GeV to

avoid including simulations for low mass resonances.

To further reduce the dominant background (Z-y) we apply a tighter
cut on the invariant dimuon mass: M (p, ) > M(Z) 4 25 GeV.
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Conclusion

Finally to overcome the problem of existing two muons in the final state
one from the production of p* and the other from its decay, we use the in-

verted L-Shape cut, to distinguish our signal from SM background.

According to our study, the excited lepton is accessible in LHC run II,
using a data size of about 300 fb~!, excited lepton should be discovered
if it exist and its mass is lower than 5000 GeV at compositeness scale of
10000 GeV.

The Resistive Plate Chambers (RPCs) are present in both barrel and in
end-cap regions of the CMS. They play a crucial role in triggering interest-
ing events and identification of muons in the CMS experiment. The basic
RPC gap performance tests are done in RPC lab at Helwan University in-
cluding: Leakage Test, Spacer Test, and High Voltage Test.
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