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Data collected by the Compact Muon Solenoid experiment at the Large Hadron

Collider, which collides protons at a center-of-mass energy of approximately 14 TeV,

enable tests of the Standard Model of Particle Physics and searches for physics beyond the

Standard Model. This thesis presents studies of radiation damage to plastic scintillators,

used to produce signals in the CMS calorimeter system, and a search for a beyond-the-

Standard-Model particle, the Soft Unclustered Energy Pattern (SUEP).

The effects of ionizing radiation on the light output and the optical properties of

plastic scintillators are assessed for a variety of materials, dopant concentrations, fluors,

antioxidant concentrations, sample thicknesses, doses, and dose rates. Depending on the

dose rate, the samples exhibit internal regions with different refractive indices separated

by a visible boundary. Measurements of the boundary depth indicate compatibility with

the expected oxygen penetration depth during irradiation. The refractive indices of the



internal regions are higher than those of the outer regions, which match the indices of

unirradiated samples.

Dark sectors with a large t’Hooft coupling can give rise to SUEP, which are final

states characterized by large charged particle multiplicities. A search for SUEP producing

muons in the final state is also presented. The expected 95% CL upper limits for the cross
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either excluding the theory or discovering new physics.
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Chapter 1: Introduction

Emerging in the 1920s with the quantum revolution and expanding rapidly during

the second half of the 20th century, the study of elementary particles has transformed our

understanding of the most fundamental building blocks of nature. A sustained stream of

discoveries has revealed a wealth of subatomic particles and is shedding light on their

behavior and interactions.

The �eld of particle physics was effectively inaugurated by the discovery of the

electron in the late 19th century by Thomson et al. and the discovery of the nucleus

by Rutherford in 1918. The pioneering work of Bohr, Heisenberg, Schr ödinger, and

others led to the development of quantum mechanics by the early 1930s, followed by

the introduction of quantum �eld theory (QFT) after the seminal work of Dirac. Modern

particle physics owes much of its existence to Feynman, who democratized QFT calcula-

tions by inventing the Feynman rules and diagrams. Additionally, particle acceleration

technology has evolved signi�cantly since its infancy in the 1950s, contributing a long

list of discoveries during the last 50 years, which culminated in the discovery of the

Higgs boson in 2012 [25,26] and the completion of the cornerstone of particle physics,

the Standard Model (SM).

Despite the resounding success of the SM in incorporating all known particles, there
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is overwhelming evidence that it is not the ultimate description of reality. A series of

observations and discoveries, with the most notable being the discovery of neutrino

oscillations [27] and the need for dark matter to explain astronomical and cosmological

observations, have highlighted the need for Beyond the Standard Model (BSM) physics. In

this frontier, a large number of novel theories have been proposed, aspiring to supersede

the SM, including but not limited to Grand Uni�ed Theories (GUTs), supersymmetry

(SUSY), extra dimensions, sterile neutrinos, and axions, to name a few.

Of special interest to this thesis are the hidden valley or dark sector models, which

attempt to extend the SM by adding a new con�ning gauge group [28]. This family of

BSM models is capable of producing some very unique signatures at the LHC collisions,

one of which is the Soft Unclustered Energy Patterns (SUEP). These are states with very

large multiplicities of low-energy particles that are distributed uniformly in the detector.

A search for SUEP �nal states with muons using data from LHC collisions collected with

the CMS experiment is presented in this thesis.

Searches for new physics require large amounts of high-quality collision data. En-

suring the smooth and continuous operation of particle detectors is therefore deemed

critical. One challenge in keeping particle detectors operational is the ionizing radiation

that is created by the particle collisions. In fact, the quest for higher luminosities leads

inevitably to larger exposures to radiation. Developing our understanding of the un-

derlying mechanisms that cause diminished particle detection ef�ciency after radiation

exposure is a stepping stone to realizing more resilient experiments. A signi�cant part of

this thesis is dedicated to studies of radiation damage in plastic scintillator, which is one

of the most ubiquitous materials used for particle detection.
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This dissertation is divided into three parts. Part I contains two chapters that intro-

duce fundamental concepts of particle physics. Chapter 2 provides a short introduction

to the Standard Model of particle physics, and Chapter 3 describes the Large Hadron

Collider (LHC) and the Compact Muon Solenoid (CMS) experiment in detail. Part II

consists of three chapters and examines radiation damage in plastic scintillators. Chapter

4 introduces plastic scintillators and their susceptibility to radiation. Chapter 5 presents

studies of the effect of dose rate on radiation damage in plastic scintillators. Chapter 6

investigates the effects of radiation and the role of oxygen on the optical properties of

plastic scintillators, with emphasis on the refractive index.

Part III includes nine chapters that describe a search for Soft Unclustered Energy

Patterns (SUEP) with data collected at the LHC with the CMS experiment. Chapter

7 motivates searches for dark sector models for Beyond Standard Model physics, and

brie�y introduces the concept of the SUEP. Chapter 8 describes in detail the SUEP and

the benchmark model that is used to generate SUEP Monte Carlo (MC) events. Chapter

9 speci�es the data and MC samples used. Chapter 10 presents the objects used in the

analysis and their cleaning selections. Chapter 11 explains the analysis strategy and

argues for the chosen background estimation method. Chapter 12 shows the event

selection criteria and presents the analysis regions. Chapter 13 builds and validates

the background estimation method. Chapter 14 offers an overview of the systematic

uncertainties considered in the analysis. Chapter 15 presents the �nal results, including

the expected 95% CL upper limits for the cross section of the SUEP benchmark model.

Finally, Chapter 16 summarizes the results for Parts II and III, discusses the impact of

this work, and explores potential relevant improvements and new directions.
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Part I

Introduction to the Standard Model and CMS
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Chapter 2: The Standard Model of particle physics

2.1 Introduction

The fundamental subatomic particles are categorized into two families based on

their spin values. Particles with half-integer spin values follow the Fermi-Dirac statistics

and are named fermions. All fundamental fermions have spin 1
2. The fermions are

further divided into leptons and quarks based on their interactions. The family of leptons

includes the electron (e), the muon (m), the tau (t ), and their corresponding neutrinos ( ne,

nm, and nt ). There are six quarks: up, down, strange, charm, bottom, and top. Ordinary

matter is composed of fermions. For example, atomic nuclei are composed of hadrons,

which are bound quark states, and atoms are formed by combining atomic nuclei with

electrons.

Particles with integer spin values follow the Bose-Einstein statistics and are named

bosons. These include the photon,g, the W � and Z bosons, and the gluon, g. All these

bosons, which are also called vector bosons, have spin 1. Fermions interact by exchanging

bosons, which act as force carriers, allowing quantum matter to ”feel” forces. There are

three fundamental forces at the quantum level: the electromagnetic force, mediated

by photons; the weak force, mediated by the W � and Z bosons; and the strong force,

mediated by the gluons.
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There is one last special particle, named the Higgs boson, which is a scalar boson,

meaning it has spin 0. It is the only known fundamental particle with spin 0, and it plays

a vital role in explaining the masses of the vector bosons by introducing the concept of

spontaneous symmetry breaking. All fundamental particles are depicted in Figure 2.1.

Figure 2.1: The Standard Model of Particle Physics. Taken from [1].

2.2 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics, one of the greatest scienti�c successes

of the 20th century, provides a widely accepted and mathematically consistent description
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of all elementary particles and their interactions.

Mathematically, the Standard Model is a renormalizable gauge quantum �eld theory

that describes all fundamental particles as excited states of their underlying quantum

�elds. It is built around the fundamental concept of local gauge invariance

y ! eia(x)y , (2.1)

where y is a quantum �eld and a(x) is a function of spacetime. Local gauge invariance

implies that the physics (i.e., the Lagrangian) is invariant under such transformations.

These invariances are called symmetries of the model.

The SM follows a local SU(3)c � SU(2)L � U(1)Y gauge symmetry, where Y repre-

sents the weak hypercharge, L denotes left-handedness, andc denotes color charge. The

electromagnetic and weak forces, in particular, can be described in a uni�ed manner by

the SU(2)L � U(1)Y symmetry group, known as the electroweak (EW) symmetry.

2.2.1 Quantum Electrodynamics

Considering a fermion �eld, it is described by the Dirac Lagrangian

L = ȳ ( igm¶m� m)y , (2.2)

where y is a four-component bispinor �eld, gmare the Dirac matrices that are the genera-

tors of the Dirac algebra, ȳ is the adjoint bispinor y †g0, and m is the mass of the fermion.

If we consider the spacetime �eld of the electromagnetic (EM) force, Am(x), then we can
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easily see using the covariant derivative

Dmy = ( ¶m+ ieAm(x))y (2.3)

that y is invariant under the transformation

Dmy ! eia(x) Dmy . (2.4)

The quantity

Fmn= ¶mAn � ¶nAm (2.5)

is also invariant. This quantity can be used to de�ned the kinetic term � 1
4FmnF

mnof the

EM �eld. The Lagrangian that describes fermions in the presence of an EM �eld is

L = �
1
4

FmnF
mn+ ȳ ( igmDm� m)y . (2.6)

This Lagrangian is called the Quantum Electrodynamics (QED) Lagrangian and is invari-

ant under local U (1)EM gauge transformations. It describes well the interactions between

electrons, positrons, and photons, and it involves only one quantum number, the electric

charge, Q.

2.2.2 Electroweak Theory

Adding the weak interaction to the description involves the introduction of some

new concepts.
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First, the chirality projection operators are de�ned as

PL,R =
1 � g5

2
, (2.7)

where g5 � ig0g1g2g3. The PL and PR operators can be used to decompose spinors into

their left and right-handed components.

According to the electroweak (EW) theory, two quantum numbers are required

to describe the EW symmetry, SU(2)L � U(1)Y. The �rst quantum number, which is

associated with the SU(2) subgroup, is the weak isospin, T, and takes half-integer values

for particles that interact with the W � bosons. This quantum number is accompanied by

its component, T3, along the 3-axis.

In EW theory, the three generations of left-handed leptons are grouped in doublets
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, (2.8)

where all the left-handed neutrinos (top rows) have T3 = 1
2, while the left-handed e, m, t

have T3 = � 1
2

Similarly, the three generations of left-handed quarks are also grouped in doublets
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A

L

, (2.9)

All right-handed fermions have zero weak isospin and, therefore, are represented
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by singlet states. For the right-handed leptons:

e�
R , ne,R, m�

R , nm,R, t �
R , nt ,R, (2.10)

and for the right-handed quarks:

uR, dR, cR, sR, tR, bR. (2.11)

The second quantum number is called weak hypercharge, Y, and it is de�ned by

the Gell-Mann–Nishijima relation

Q =
�

T3 +
Y
2

�
. (2.12)

This quantum number is associated with the U (1) subgroup.

There are two covariant derivatives de�ned, separately for the doublets and the

singlets:

doublet states: Dm = ¶m+ igsaWa
m + ig0Y

2
Bm, (2.13)

singlet states: Dm = ¶m+ ig0Y
2

Bm, (2.14)

where the gauge �eld Bm is associated with the U(1) symmetry, the Wa
m are the compo-

nents of the gauge �eld associated with the SU(2) symmetry, sa are the group generators,

and g and g0are coupling constants.

The Lagrangian for the fermion terms can be constructed like the one in Eq. 2.6. The
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�eld kinetic term of the Lagrangian is

L �eld kin. = �
1
4

BmnBmn�
1
4

Wa,mnWa
mn (2.15)

Therefore, the EW theory involves four massless boson �elds: W1, W2, W3, and B.

The only missing component is a way to generate the massive W � , Z bosons, and the

massless photon.

2.2.3 The Brout-Englert-Higgs mechanism

A SU(2) doublet of complex scalar �elds is introduced

F =

0

B
B
@

f +

f 0

1

C
C
A , f + , f 0 2 C. (2.16)

The Higgs doublet has weak isospin T = 1
2. The 3-axis component,T3, is 1

2 for f + and

� 1
2 for f 0. Also, f + has Q = + 1 and f 0 has Q = 0. Therefore, the Higgs doublet has

weak hypercharge Y = 1.

The Lagrangian for the scalar �eld is

L scalar = ( DmF )†(DmF ) � V (F ), (2.17)

where Dm is the covariant derivative for the doublet from Eq. 2.14 and V (F ) is the
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potential of the scalar �eld. It turns out that the Higgs potential is a good choice

V (F ) = � m2F †F + l (F †F )2, (2.18)

where l and mare arbitrary parameters, with l > 0 to have a potential minimum.

The minimum potential energy is called vacuum expectation value (VEV) and it is

given by

hVEV i = jf j2 =
m2

2l
. (2.19)

This minimum is not unique but exists along a circle in the (f , f � ) plane. This implies

that, to obtain the vacuum state, we are forced to pick a place along the ring, which

amounts to breaking a symmetry. This is commonly referred to as spontaneous symmetry

breaking [29,30], and according to Goldstone's theorem, it gives rise to massless scalar

�elds that are named Goldstone bosons [31]. The shape of the potential along with the

minimum can be seen in Figure 2.2. The symmetry breaking is demonstrated by points A

and B. Point B breaks the symmetry of the circle of minimum values.

Eventually, the Higgs doublet at the vacuum is

F (x) =
1

p
2

0

B
B
@

0

u + h(x)

1

C
C
A , (2.20)

where u =
p

2hVEV i , and h(x) a perturbation around the minimum. Substituting this

into the Higgs Lagrangian, in Eq. 2.17, yields mixing terms. These can be removed by
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Figure 2.2: The Mexican hat Higgs potential. Code was fetched from [2].

introducing the rotation
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@
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� sin qW cosqW

1
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B
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@
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1

C
C
A , (2.21)

where qW is called the weak mixing angle with

tan qW =
g0

g
. (2.22)

Eventually, the �elds for W � , Z, and the photon are given by the following combi-
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nations

W �
m =

1
p

2
(W1

m � iW2
m), (2.23)

Zm =
1

p
g2 + g02

(gW3
m � g0Bm), (2.24)

Am =
1

p
g2 + g02

(gW3
m+ g0Bm), (2.25)

with the masses of the W � , Z, and the photon de�ned using

mW =
1
2

ug, (2.26)

mZ =
1
2

u
q

g2 + g02 =
mW

cosqW
, (2.27)

mg = 0. (2.28)

The lepton masses can be explained by adding Yukawa couplings, yi , between them

and the Higgs �eld. Since only e, m, t have mass, the terms in the Lagrangian look like

� yi L̄iF ei
R, and the lepton masses are given bymi = yi up

2
.

For the quarks, both up and down families (here, up also includes the charm and

top, and down includes the strange and bottom) have mass. However, up and down

have opposite T3 values. Therefore, the Yukawa terms are

L q, Yuk. = � Yd
ij Q̄

iF D j
R � Yu

ij Q̄
i F̃ U j

R + h.c., (2.29)

where Yd
ij and Yu

ij are the Yukawa couplings for down and up, Q is the quark doublet,

F̃ = i t 2F � is the conjugate Higgs doublet, and DR and UR are the down and up right-
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handed singlets. Eventually, the terms for the couplings between up and down quarks

and the W bosons in the Lagrangian involve mixing parameters Vi j . These parameters

form a 3 � 3 matrix called the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The diagonal

terms give the couplings between up and down quarks of the same generation. The

off-diagonal terms are quark �avor-violating terms, and their values have been measured

experimentally to be non-zero [32].

2.2.4 Quantum Chromodynamics

The strong force is an interaction that takes place between quarks, and it is mediated

by gluons. The quarks carry a color charge that is independent of their electric charge.

The color charge has three types: red (r), green(g), and blue(b). Like QED and EW, the

strong interaction is described by local gauge symmetry, which in this case follows the

SU(3) group. This group has 8 generators, given by matrices Ta. The QCD Lagrangian is

L QCD = ȳ i ( igm(Dm) i j � mdi j )y j �
1
4

Ga
mnG

mn
a , (2.30)

where y i are the quark �elds, and Ga
mn is the gluon �eld strength tensor. The Ga

mn is

de�ned as

Ga
mn= ¶mA a

n � ¶nA a
m+ gs f abcA a

mA a
n, (2.31)

where A a
mare the gluon �elds, gs is the strong force coupling constant, and f abcare the

structure constants of SU(3). The last term is the kinetic term for the glue �eld. The
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covariant derivative of QCD is

(Dm) i j = ¶mdi j � igs(Ta) i j A
a
m, (2.32)

where Ta are the 8 generators of the SU(3) group.

According to QCD, there is asymptotic freedom, which means that the interaction

strength diminishes with increased energy scales. Another QCD property is con�nement,

according to which isolating colored states, like quarks, is impossible. Attempting to

separate two quarks will give them suf�cient energy to create a quark-antiquark pair and

keep them con�ned. Therefore, quarks are typically bound inside hadrons, like protons,

which have a uud structure. In fact, the three structural quarks are called the valence

quarks. These are embedded in a soup of gluons and other quarks, called sea quarks. All

these particles are collectively called partons. For the scattering between hadrons A and

B, the QCD factorization theorem gives the cross section [33]

s(AB ! FX) = Sa,b

Z
dx1dx2 f (a, x1, Q2) f (b, x2, Q2) ŝ(ab ! F), (2.33)

where F is the produced �nal state, X is the remnant of the scattering, a and b are the

partons, x1 and x2 are the momentum fractions of the partons, and Q2 is the energy scale

of the process. The functions f (parton, x, Q2) are the parton distribution functions, and

they are described by the DGLAP equations [34].
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2.2.5 Shortcomings of the Standard Model

Despite its great success, the Standard Model is not a theory of everything since a

number of open problems and questions exist.

From the theoretical standpoint, the absence of a description for gravity at the

quantum level, the Yang-Mills mass gap problem affecting the mathematical consistency

of the theory, the matter-antimatter asymmetry, the hierarchy problem, the reliance on

parameter �ne-tuning through experiments, and the strong CP problem all point to a

lack of understanding of the underlying physics.

However, the most striking problems for the SM originate from experimental results.

According to the SM, neutrinos are not supposed to oscillate between the different lepton

�avors. Neutrino oscillations have been observed experimentally [27], and the most

reasonable explanation is that neutrinos are massive. Accommodating masses for the

neutrinos most likely involves extensions of the SM and new physics.

Cosmological observations appear to agree with the L CDM model [35], which

predicts that about 26% of the universe should be cold dark matter and about 69% should

be dark energy, leaving only 5% to ordinary matter. The vacuum energy predicted by

the SM is many orders of magnitude smaller than the observed density of dark energy.

Additionally, there is signi�cant evidence that dark matter is composed of particles that

do not interact with light and are not included in the SM [36].

The �rst evidence for dark matter originated from observations of gravitational

anomalies in the Coma Cluster of galaxies [37]. The observation of anomalous galaxy

rotation curves [38] established the idea that there are galaxy halos composed of dark
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matter. Such curves are shown in Figure 2.3 along with a �t and curves for the compo-

nents, including the dark halo [3]. Additional evidence has piled up since then, including

gravitational lensing results, such as that of the Bullet Cluster [39], and the Cosmic

Microwave Background anisotropies [40], which are explained well by the existence of

cold dark matter of particle nature.

Figure 2.3: Rotational curves of galaxies. The solid lines are three-parameter �ts, dashed
curves are for visible components, dotted curves are for gas components, and the dash-
dot curves are for the dark halo. Figure taken from [3].

All these open questions corroborate the hypothesis that there is physics beyond

the Standard Model (BSM). A large number of BSM theories have been proposed to date,

including supersymmetry, extra dimensions, leptoquarks, sterile neutrinos, axions, and

grand uni�ed theories. No evidence supports any BSM theories over the SM as of the

time of writing this thesis. A new proposed extension of the SM, based on a class of BSM

theories, called dark sectors, is introduced in Chapters 7 and 8. Part III of this dissertation

is dedicated to searching for this BSM extension through a newly predicted signature

named Soft Unclustered Energy Patterns (SUEP) using collision data from the Large

Hadron Collider at CERN.
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Chapter 3: The Compact Muon Solenoid experiment

Since beginning its operation in 2010, the Large Hadron Collider (LHC) has re-

peatedly proven to be an invaluable tool in the quest to explore the fundamental blocks

of nature. By offering access to center-of-mass energies of 13 TeV (and more recently

13.6 TeV) and producing many orders of magnitude more collision data compared to all

previous endeavors, it has signi�cantly contributed to our understanding of the laws

that govern particle physics. At the epicenters of the particle collisions, the interaction

points, four particle physics experiments are housed, out of which two, ATLAS and

CMS, are general-purpose particle physics experiments managed by major international

collaborations. A signi�cant part of the work that is presented in this dissertation was

performed as part of the CMS experiment using data from collisions provided by the

LHC. Section 3.1 gives a brief introduction to the LHC and Section 3.2.

3.1 The Large Hadron Collider

The LHC is the world's largest and most powerful particle accelerator and collider.

Located at the Franco-Swiss border near Geneva, it can accelerate and collide protons at

a design energy of 14 TeV with a luminosity of 10 34 cm� 2s� 1 [41].
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3.1.1 The CERN accelerator complex

The LHC comprises only the �nal stage of a chain of particle accelerators that form

the CERN accelerator complex. The protons are initially stored in a bottle as hydrogen

gas. Until 2020, the hydrogen atoms were fed to an ionization chamber to strip the

electrons. Then the remaining protons were inserted into the linear accelerator LINAC2

to be brought to an energy of 50 MeV. Since 2020, the hydrogen atoms have been inserted

into a negative hydrogen ion, H –, source, which adds electrons to the hydrogen atoms to

convert them to negative ions with energy 95 keV. The resulting negative ions are fed into

the linear accelerator LINAC4 [42] to be accelerated to an initial energy of 150 MeV, and

then they are directed to the Proton Booster Synchrotron (PBS), which strips the electrons

to convert the H – to protons using a foil at the injection point, accelerates them to 2 GeV,

and places them into bunches of 1011 protons. The proton bunches are then transferred

to the Proton Synchrotron (PS), which brings their energy to 25 GeV, and then to the

Super Proton Synchrotron (SPS) to attain a �nal energy of 450 GeV. Finally, the SPS injects

sequences of proton bunches, named trains, into the LHC. An in-depth description of

the LHC injector chain can be found in [43]. A detailed layout of the CERN accelerator

complex can be seen in Figure 3.1 [4].

3.1.2 The Large Hadron Collider

The LHC is a long double-ring particle accelerator and collider with a perimeter

of 26.7 km. It is located in an underground tunnel, which was repurposed from the

older large electron-positron collider (LEP), at depths ranging from 50 to 175 m below
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Figure 3.1: Layout of the CERN accelerator complex. The LINAC 4, the Booster, and the
PS are shown in shades of purple, while the SPS and the LHC are shown in shades of
blue. The four interaction points of the LHC are shown with �lled yellow circles. Figure
taken from [4].

the Earth's surface. The collider is divided into eight equal-length sections (octants),

corresponding to the access points from the surface. Each octant serves a different

purpose for the machine. Major physics experiments are located at points 1, 2, 5, and

8. The large, general-purpose experiments ATLAS and CMS are at the antipodal points

1 and 5, respectively, while the more specialized experiments ALICE and LHCb are at

points 2 and 8, respectively. The interaction points are displayed with yellow circles in

Figure 3.1.

The protons are injected by the SPS in opposite directions into the two parallel rings
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of the machine at two injection points at octants 2 and 8. The proton beams are kept in

circular orbit by 1232 15-meter-long dipole magnets that are able to generate magnetic

�elds close to 8 T. The dipoles are using superconducting Nb Ti Rutherford cables that

are kept in the superconductivity state by a cooling system that supplies the magnets

with super�uid 4He. The super�uid state enables more ef�cient transfer of heat through

convection instead of conduction, thus allowing the magnets to reach temperatures close

to 2 K. The cross-section of the LHC dipole magnets is displayed in Figure 3.2 [5].

Furthermore, approximately 850 quadrupole magnets are responsible for squeezing

and focusing the beams, and higher-order magnets (sextupoles, octupoles, decapoles, etc.)

are utilized to control various beam parameters and correct anomalies (e.g., chromaticity).

In total, the LHC operates approximately 10,000 magnets. Finally, the proton beams are

kept clean using collimators at points 3 and 7, which are made of graphite, carbon-carbon,

and beryllium. The collimators at point 3 clean the particle momentum, while those at

point 7 clean the beam's betatron amplitude.

The proton beams are accelerated by superconducting radiofrequency (RF) cavities

located at access point 4. A total of 8 RF cavities are used per beam direction, delivering

2 MV at 400 MHz. The cavities are organized in 4 cryomodules per direction (2 RF cavities

per cryomodule) that cool the cavities at 4.5 K to keep them superconducting. In total,

the protons gain 16 MeV of energy per orbit, yielding a ramp-up rate of 0.18 TeV/s.

Extensive in-depth descriptions of all LHC parts can be found in [41,44].

The LHC operations begin with the injection of bunches at SPS energy (450 GeV),

called ”INJECTION PHYSICS BEAM”. The LHC supports up to 2808 proton bunches in

each ring, with approximately 2500 of them colliding at points 1 and 5. The minimum
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Figure 3.2: Cross-sectional view of the LHC dipole magnets. Taken from [5].

bunch spacing is 25 ns that yields a very approximate collision frequency of 40 MHz. Once

all the bunches have been injected, the machine enters the ”RAMP” status, and the energy

is gradually brought to the �nal level, called ”FLAT TOP” (13 TeV for years 2016-2018 and

13.6 TeV after 2022). Then, the complicated sequence of magnets and collimators takes

over to squeeze and adjust the beams to obtain the desired beam parameters. Finally,

the machine reaches the ”STABLE BEAM” status, which indicates that the beams are

colliding in the desired manner for physics data-taking.
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3.1.3 Luminosity

The expected number of events for a physics process is given by

N =
Z

sL (t)dt, (3.1)

where s is the cross section of the process andL is the instantaneous luminosity, which

depends on the LHC beam parameters [45].

Two important beam parameters are the transverse emittance, en, and the amplitude

function at the interaction point, b� . The emittance is de�ned as the surface of the x-p

phase space for the beam. Beams with small spreads in momentum and position have low

emittance. The emittance generally depends on the initial steps of the acceleration and

then worsens after each beam operation (emittance decay). The amplitude modulation

function expresses the shape change of the beam ellipse in thex-p phase space as a

function of the focusing strength from the quadrupole magnets. More focusing (meaning

lower b) reduces the spread in x and increases the spread in p but keeps the surface

(emittance) the same [46]. The LHC can control the b� using the inner triplet quadrupole

magnets that sit next to the interaction points.

The instantaneous luminosity can be expressed in terms of the beam parameters as

L =
N1N2 frevnb

4ps xsy
, (3.2)

where N1, N2 are the numbers of protons in each bunch, nb is the number of bunches, frev
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is the revolution frequency, and sx and sy are the average beam cross sections along the

two transverse axes,x and y. These equations are approximations, as they assume that

two Gaussian beams are colliding head-on. Other effects, such as the crossing angle, the

hourglass effect, and the non-Gaussian pro�les, can be included to increase its accuracy.

A better description of the instantaneous luminosity uses the formula

L =
N2

b frevnbgr

4penb� F, (3.3)

where Nb is the number of protons per bunch (assumed to be the same), gr is the Lorentz

relativistic factor, and F is a geometric luminosity reduction factor because of the crossing

angle at the interaction point [41].

The LHC attains maximum instantaneous luminosities equivalent to 2 � 1034 cm� 2s� 1.

For CMS and ATLAS, data taking begins at b� = 60cm. During collisions, the beam

intensities decrease slowly over time as the beams interact. To counteract the decrease

in instantaneous luminosity, the LHC applies the so-called b� leveling technique [47].

The inner triplet magnets gradually squeeze the beam more as needed to maintain the

luminosity at the desired value. The lowest b� value possible is 30 cm.

3.2 The Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS) experiment [14] is located at point 5 of the

LHC in an underground cavern approximately 100 m below the surface. At this point,

the beam pipes of the two rings are interconnected, allowing the proton beams to cross

at a speci�c point, known as the interaction point. CMS consists of multiple particle
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detection subsystems arranged in the form of a barrel that encloses the interaction point

hermetically, leaving only small gaps in the two �at opposite parts of the barrel to allow

access to the interaction point for the beam pipes. The detector has a length of 21.6 m and

a diameter of 14.6 m, and weighs approximately 12,500 tons. A cutaway diagram of CMS

is presented in Figure 3.3 [6].

Figure 3.3: Cutaway diagram of CMS [6,7].

CMS utilizes a right-handed Cartesian coordinate system with point (0, 0, 0) being

the center of the detector. The x-axis points to the center of the ring, the y-axis points

upward, vertically to the ground, and the z-axis points to the west, tangentially to the

beam line. Two commonly used coordinates are the radial coordinates f and q. The

azimuthal angle, f , is de�ned as the angle between the transverse component of a vector,

which is the projection on the x-y plane, and the unit vector of the x-axis, x̂. The polar
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