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Introduction

The Large Hadron Collider (LHC) is a circular accelerator capable of producing proton-
proton collisions at a design centre-of-mass energy of /s = 14 TeV. These collisions occur
at four distinct points along the accelerator ring. Two general-purpose detectors, namely
ATLAS and CMS, are strategically positioned at two of these interaction points, located
at opposite ends of the accelerator ring. This strategic placement is essential because it
enables the machine to precisely adjust beam parameters to maximise collision intensity,
thereby contributing to the highest operational efficiency in experimental operations.
The LHC operates in a cyclical manner, with alternating periods of data-taking (Run)
and long shutdowns (LS) for detector upgrades and maintenance, as shown in Figure .

The LHC’s initial data-taking phase, known as Run 1 (2010-2012), consisted in proton-
proton collisions at 1/s = 7-8 TeV, accumulating an integrated luminosity of approximately
30 fb~!. During this phase, data collected by the ATLAS and CMS detectors led to
the landmark discovery of the Higgs boson in 2012. After a long shutdown (LS1, from
2013 to 2015), proton collisions resumed at a higher /s of 13 TeV in 2015, marking
the commencement of another three-year data collection period known as Run 2. The
LHC Run 2 yielded an integrated luminosity of around 138 fb~!. Figure displays the
integrated luminosity delivered by the LHC during Run 1 and Run 2 data-taking years.
The slope or derivative of the curve is proportional to the collision intensity, which was
higher in 2018 compared to previous years. Comprehensive descriptions of the CERN
accelerator complex and the CMS detector can be found in Chapter [2]

This thesis focuses mainly on the search for the electroweak production of two opposite
sign W-bosons in association with two jets at /s = 13 TeV with the CMS detector. The
analysed dataset, recorded during the Run 2 of the LHC, corresponds to an integrated
luminosity of 138 fb~!.

In this first chapter, a concise overview of the Standard Model (SM) of particle physics,
with a specific focus on the electroweak sector, is provided in Section Section
delves into Vector Boson Scattering (VBS) processes, highlighting their significance as they
provide crucial insights into the electroweak sector of the SM and its role in elucidating the
mechanism of spontaneous symmetry breaking. VBS processes underscore the importance
of the Higgs boson within the SM as its presence ensures the theory’s unitarity. However,
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any deviations from the SM expectations could disrupt this delicate balance. Consequently,
the study of VBS cross-sections can provide insights into new physics phenomena. Finally,
in Section [I.3] the Standard Model Effective Field Theory (SMEFT) is explored as an
expansion of the SM, serving as a framework for indirect searches of new physics at the
LHC.

1.1 Standard Model of Particle Physics

The primary objective of particle physics is the investigation of the fundamental con-
stituents of the universe (elementary particles) and their interactions (fundamental forces).
At the core of this scientific pursuit lies the SM of particle physics, constructed within
the framework of relativistic Quantum Field Theory (QFT). The SM comprehensively
describes three of the four fundamental interactions in the universe: the strong force, the
weak force, and the electromagnetic one. The gravitational force, despite being one of the
fundamental forces of nature, cannot be easily described within the framework of QFT.
Nevertheless, the SM retains its validity because on subatomic scales the gravitational
force can be neglected due to its significantly weaker influence.

This section presents an overview of the foundational features of the SM, highlighting its
achievements and outlining its inherent limitations. For a more detailed description of the
SM, see Refs. [2, 3.

1.1.1 Fermions and Bosons

According to the SM, the fundamental constituents of matter are particles with spin %,
referred to as fermions. In contrast, the mediators of the three fundamental forces are

particles characterised by integer spin values, denoted as bosons.

Fermions

The fermionic sector comprises twelve distinct particles, divided into two groups, quarks
and leptons, based on their sensitivity to the strong interaction. Quarks represent the sole
fermionic entities that interact via the strong nuclear force, characterised by the exchange
of gluons, which is why they are said to carry a colour charge. In contrast, leptons are
colour-neutral particles, making them insensitive to the strong force. Moreover, fermions
exhibit left- and right-handed chirality with respect to the weak force, a topic that will be
explored in detail towards the conclusion of this section.

Within each group, leptons and quarks are further organised into three generations (or
families), as detailed in Table . The particles constituting the first generation represent
the familiar constituents of ordinary matter. The counterparts within the second and
third generations might be considered as replicas of the first generation, sharing identical
quantum numbers but differing in their masses. Antiparticles exhibit identical mass and
spin characteristics but opposite physical charges (like the electric or the colour charge).
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Particle Mass [GeV] @
electrone  0.5-1073 -1

1st generation

neutrino v, 0 0
. muon 106 - 1073 -1
Leptons 2nd generation )
neutrino v, 0 0
. tau 7 1.8 -1
3rd generation )
neutrino v, 0 0
] up u 2-1073 %
1st generation L
down d 4.7-1073 -3
) charm c 1.3 %
Quarks  2nd generation )
strange s 93-1073 —3
' top t 172.8 2
3rd generation )
beauty b 4.2 -3

Table 1.1: The twelve fermionic constituents of the SM: six leptons and six quarks. The
table includes their masses and electric charges ()). Leptons are organised into three
generations (or families), with each generation corresponding to a different flavour, such
as the electron, muon, and tau, along with their respective neutrinos. In the quark sector,
each generation exhibits a variety of flavours, including up, down, charm, strange, top,
and bottom quarks. Source: Ref. [5].

Neutrinos, the subset made of those leptons which are neutral, interact exclusively through
the weak force due to their lack of electric charge. While the SM assumes exact zero mass
for neutrinos, experimental observations have provided upper limits (UL) on their masses,
as cited in the Particle Data Group (PDG [4]).

In addition to their classification into quarks and leptons, fermions are also distin-
guished by their handedness, which refers to whether they are left-handed or right-handed.
Left-handed fermions interact with the weak nuclear force, while right-handed fermions
do not. This is because the weak force is mediated by W and Z bosons, which are asso-
ciated with left-handed fermions. The right-handed fermions, on the other hand, interact
with the strong nuclear force, which is mediated by gluons. Another important aspect of
this distinction is that left-handed fermions interact more strongly with the Higgs field
compared to right-handed fermions, which explains why left-handed fermions have a lower
mass than right-handed fermions. This difference in mass contributes to the difference in
lifetimes between left-handed and right-handed particles.
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Particle  Spin Mass [GeV] @

gluon g 1 0 0
photon v 1 0 0
W= 1 80.4 +1
Z 1 91.2 0
H 0 125.3 0

Table 1.2: The bosonic constituents of the SM: five vector bosons and one scalar boson
(H). The table includes details about their spins, masses, and electric charges (Q)). Gluons
are the only vector bosons that carry a colour charge (RGB).

Bosons

Table(l.2[includes the vector bosons responsible for carrying the fundamental forces, and it
features also an indispensable scalar boson, the Higgs boson, which arises from the mech-
anism of spontaneous symmetry breaking of the electroweak (EW) interaction. Details on
this last mechanism will be provided in Section [1.1.3]

The vector bosons are pivotal in mediating the fundamental forces within the SM.
Gluons are associated with the strong nuclear force, while photons mediate the electro-
magnetic force, governing interactions between electrically charged particles. W* bosons
and the Z boson mediate the weak nuclear force. In particular, W* bosons are involved
in numerous radioactive decay processes, while the Z boson is associated with neutral
current interactions in neutrino scattering experiments. The Higgs boson is unique in the
SM because it imparts mass to other particles through the Higgs field, without directly
mediating a fundamental force. The strength of the interaction between a particle and
the Higgs field is directly proportional to the mass of that particle.

1.1.2 Local Gauge Invariance Principle

The SM relies is a Yang-Mills QFT based on the symmetry group SU(3) x SU(2), x U(1):

e SU(3) corresponds to the strong force, as described by quantum chromodynamics
(QCD). This component of the symmetry group deals with the behaviour of quarks
and gluons.

e SU(2)y is associated with weak isospin', and U(1) is associated with hypercharge.
Following the symmetry breaking via the Higgs mechanism (Section [1.1.3), these
groups give rise to the weak bosons and to the photon.

!The subscript L indicates that this symmetry transformation only applies to left-handed particles.
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The cornerstone of the SM theoretical integrity lies in the principle of local gauge invari-
ance. This principle dictates that the laws of physics remain unchanged (invariant) under
local transformations, or “gauge” transformations. Within the framework of the SM, local
gauge invariance gives rise to the existence of gauge bosons, including the photon, weak
bosons, and gluons.

In summary, the SM is built on the foundation of symmetry groups and local gauge in-
variance, which together provide a powerful and elegant framework for describing the
fundamental particles and their interactions.

Quantum Chromodynamics (QCD)

Quantum chromodynamics originates from the necessity of imposing Lagrangian invariance
under local SU(3) phase transformations. This requirement ensures that the Lagrangian
governing free matter fields (Dirac terms) remains invariant under SU(3) transformations,
forming the basis for QCD. This introduces the concept of colour charge (red, green, blue),
the charge characterising QCD interactions, in the same way that electric charge is as-
sociated with electromagnetic interactions. The invariance under SU(3) transformations,
in accordance with Noether’s theorem (a fundamental principle in physics that connects
symmetries to conserved quantities), leads to the conservation of colour charge. To main-
tain this invariance, the Lagrangian incorporates eight massless gauge bosons known as
gluons, one for each generator of the SU(3) group. These concepts together provide a
comprehensive understanding of how quarks and gluons interact within the framework of
the SM.
The QCD Lagrangian can be expressed as:

1

Locp = Z Vga (iy“@uéab — \/47Ta87“tfb./45 — mqéab) Ygp — ZFlﬁ,FA“”, (1.1)
q
with
Fo = 0,A) — 0,A7) — Vara, fapc AL AS, [t4, 5] = i fapct®. (1.2)

Within this equation, the components are as follows:
~v# : Dirac y-matrices;

g, : spinors for quarks with flavour ¢, mass mg, and colour «;
AE ,C=1,2,...,8: gluon fields.

t9 : 3 x 3 matrix generators of the SU(3) group; these describe how colour charges
transform under the group’s symmetry.

as @ QCD coupling constant, which characterizes the strength of the strong force inter-
actions;

Flf‘ : field tensor, which describes the strength and direction of the gluon fields. It is
derived from the gluon field Af;
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Figure 1.3: The QCD coupling constant (ag) as a function of the transferred momentum
(Q). From Ref. [6].

fapc : structure constants of the SU(3) group. These provide the link between the
commutator [t4, #5] and the t¢ generators, allowing to write any commutator of two
t4 generators as a linear combination of the t© generators, with the coefficients given
by the structure constants fapc.

Experimentally, particles with colour charge such as gluons and quarks can’t be observed
isolated. Only colour-neutral particles (hadrons, i.e. bound states of quarks under the
strong force) are observed. This phenomenon, termed “colour confinement”, arises di-
rectly from the energy-dependent behaviour of the QCD coupling parameter a,. The
strong coupling constant « diminishes at high energies (corresponding to short-distance
interactions) and increases at lower energies (associated with long-distance interactions),
as illustrated in Figure[1.3] This is due to a phenomenon known as asymptotic freedom.
According to Ref. [5], the current value of a; at the mass scale of the Z boson is

as(MZ) = 0.1179 4 0.0009. (1.3)

The behaviour of the strong coupling constant with energy implies that, when quarks
are produced in high-energy collisions, they do not exist as free particles for long. In
high-energy collisions, as the energy decreases, the tendency of quarks and gluons to
separate also increases. This happens because the strong force, which holds these particles
together, weakens with decreasing energy. However, this trend is countered by the fact
that it becomes energetically favourable for them to disrupt the colour string binding
them together and spontaneously create a quark-antiquark pair from the vacuum. This
leads to the formation of bound states, primarily mesons (gG pairs) and baryons (qqq
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combinations). This phenomenon is known as hadronisation, and it ultimately results in
the creation of sprays of hadrons called jets.
Electroweak Sector

The unification of the electromagnetic and weak interactions into a single EW theory was
a groundbreaking achievement by Glashow, Salam, and Weinberg |7, 8, 9]. This theory
emerges from the requirement that the Lagrangian remains invariant under local gauge
transformations of the form SU(2), x U(1).

In the EW sector of the SM, the Lagrangian includes terms that describe the behaviour
of fermions across three generations:

EEW :@Lji’)/‘uD#QLj + ﬂRjiV“DuuRj + ERjZ"Y‘MDude + Zij“D#KRjJr (14)
— . 1 v a 1 v
+erjiv' Dyer; — ZWCf Wa, — ZB“ B

The subscripts j in the equations above indicate a summation over these generations. The
relevant fields are as follows:

(1 : left-handed doublet quark field;

ug : right-handed singlet up-type quark field;

dr : right-handed singlet down-type quark field;

(y, : left-handed doublet lepton field;

er : right-handed singlet electron field;
WY (with a = 1,2, 3): field strength tensors for the weak isospin field;
B* : field strength tensors for the weak hypercharge field.
The EW gauge covariant derivative, denoted as D, is defined as:

1 1 .
D,=0, - ig’éYwBH — iggﬁ W, (1.5)
B, : U(1) gauge field;
Yw : weak hypercharge, which is the generator of the U(1) group;
W, : 3-component SU(2) gauge field;

71, @ Pauli matrices, infinitesimal generators of the SU(2) group, with subscript L indi-
cating their action on left-chiral fermions;
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Lepton T T3 Y | Quark T T3 Y

1 1 1 1 1
Ve 3 2 llw 3 2 3

1 1 1 1 1
er 3 —2 -l|dp 3 T3 3
- - -~ |up 0 0 3
er 0 0 -2|dg 0o 0o -2

Table 1.3: Weak isospin (T), third component of weak isospin (T3) and hypercharge (Y)
for 1st generation leptons and quarks. Fermions of the left-handed variety form SU(2)p
weak isospin doublets, whereas their right-handed counterparts exist as isospin singlets.
An exception is made for neutrinos, which the theory considers to be massless, thereby
lacking a right-handed component.

/

g’ : coupling constants for the U(1) group;
g : coupling constants for the SU(2) group.

In order to preserve the SU(2), gauge symmetry, three gauge bosons Wi, Wy, and W3
need to be introduced. The strength of their interaction with matter-field is represented
by g. The carriers of weak charged current interactions, namely the physical W* bosons,
can be identified as a linear combination of the first two gauge bosons:

W+ = \/g(w1 T iWs). (1.6)

However, the SU(2); symmetry alone cannot fully describe the weak interaction, as the
third gauge boson W3 cannot be directly identified as the physical Z boson.

To achieve a complete description, an additional U(1) local gauge invariance is added,
introducing a fourth gauge boson denoted as B with its coupling constant represented by
g'. The weak hypercharge Y is related to both the electromagnetic charge @) (a conserved
quantity in electromagnetic interactions) and the third component of weak isospin Tj
(conserved in weak interactions):

Q=Ts+ % (1.7)

The values of Y for each fermion are provided in Table [I.3] In a groundbreaking devel-
opment, Glashow, Weinberg, and Salam [7, 8, 9] demonstrated the successful unification
of the weak and electromagnetic interactions within the framework of the SM. This uni-
fication is achieved by expressing the gauge bosons responsible for both the weak and
electromagnetic neutral currents as combinations of the W3 and B fields, leading to the
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identification of the electromagnetic (A) and the weak neutral (Z) field:

A = cos Oy B + sin 0y W3, (1.8)
Z = —sin Oy B + cos Oy W. (1.9)

Here, 6y represents the weak mixing angle, often referred to as the Weinberg angle. This
angle is directly linked to the coupling constants g and ¢’ as follows:

g/
tan Oy = =—. (1.10)
g
The Weinberg angle 6y is a fundamental parameter in the SM. Experimental measure-
ments [10] have provided a precise value for this parameter:

sin? @y = 0.23101 & 0.00053. (1.11)

This value represents a critical component in our understanding of the SM, as it quantifies
the EW unification within particle physics.

The Weinberg transformations allow establishing a direct connection between the EW
fields and the weak neutral field. The unified framework elegantly combines the weak and
electromagnetic forces, providing a deeper understanding of the fundamental interactions
that govern the behaviour of elemetary particles.

1.1.3 Spontaneous Symmetry Breaking Mechanism

In the previous section, it was established that both QCD and EW interactions stem from
the local gauge invariance principle. However, to maintain the symmetries, the gauge
bosons introduced should be massless. This holds true for the photon and gluons but
not for the Z and W bosons, as confirmed by experimental evidence. Furthermore, this
model fails to account for the masses of fermions.

The simplest approach to introducing mass terms for the W and Z bosons is through the
Brout-Englert-Higgs (BEH) mechanism [11,|12]. This mechanism involves the introduction
of a scalar doublet into the theory, allowing for the generation of mass terms for these
bosons without breaking the underlying symmetry. The mass-generation process occurs
in a subtle way that doesn’t immediately appear in the equations. To implement this
mechanism, a common choice is to introduce an isospin doublet consisting of two complex
scalar fields with weak hypercharge ¥ = 1:

+ 1 -
12 p1 + 12
= = — _ ) 1.12
4 (900> V2 (@3 + 2804> (1.12)
These fields are incorporated into the Lagrangian with a potential term:

V() = 1*oTo + A(pTe)?. (1.13)
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The shape of this potential depends on the values of the parameters p? and X. When
p? is negative and ) is positive, the potential has infinite minima. These minima are
degenerate, meaning that they have the same energy.

In order to spontaneously break the symmetry and provide mass to elementary par-
ticles, a finite and non-zero value for the vacuum expectation value (VEV) of the scalar

field, denoted as ¢q, has been selected. This value:

1
0= (g) . v =246.22GeV, (1.14)

is derived from the Fermi theory of weak interactions [5]. This choice determines the
ground state of the system, and results in the breaking of the SU(2), x U(1) symmetry,
leading to the acquisition of masses by the associated gauge bosons. Within this frame-
work, the Dirac mass terms for fermions are introduced through interactions with the
Higgs field. The coupling of the Higgs field to fermions gives rise to the Dirac mass terms,
ensuring that particles such as electrons, quarks, and neutrinos obtain mass. The Dirac
mass terms are linked to the EW sector and the Higgs field, a key component of the SM
that imparts mass to particles while preserving gauge invariance. The VEV is chosen in
such a way that, after symmetry breaking, one linear combination of the SU(2) x U(1)
generators remains massless, which is identified as the photon. This choice includes setting
the first component of ¢y to 0, and it is made to ensure that the photon remains massless
m4 = 0, preserving the electromagnetic gauge symmetry.
o sets the scale for mass generation in the EW sector. Using the value depicted in Equa-
tion , the masses of various bosons, including the Higgs boson (my), the W* bosons
(mw), and the Z boson (myz), and the masses of the fermions (m; with f = e, u, 1), can
be expressed as:

my = V202X ~ 125.35 GeV,

1
mw = 509 ~ 80.39 GeV,

1
My = §UW ~ 91.19 GeV, (1.15)

me = v/ 202\, ~ 0.511 MeV,

my, = /20%)\, ~ 105.66 MeV,
m, = \/ 202\, ~ 1'776.86 MeV.

In the SM, the masses of particles, including bosons and fermions, are not predicted
from theory alone but are instead considered as parameters that must be determined
through experimental observations. Experimental measurements are fundamental for es-
tablishing the precise values of these parameters within the model, and this has been a
critical and ongoing challenge in the world of particle physics. To date, the only unde-
termined masses are those of the neutrinos, which, in themselves, represent an extension

beyond the SM (BSM).
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Figure 1.4: Summary of the cross-section measurements of SM processes. From Ref. [13].

1.1.4 Beyond the Standard Model

The SM has stood the test of time, with its validity confirmed by a vast set of experimental
measurements at interaction energies up to the EW scale. These measurements encompass
various aspects of EW physics, including the discovery of the Higgs boson. Recently,
LHC experiments have further confirmed the validity of the SM by exploring rare EW
processes never observed before as well as interactions at the TeV scale. Figure serves
as a summary of all these measurements in EW physics, including those related to the
Higgs boson. The wealth of experimental data, combined with the SM predictions, forms
a coherent and consistent framework for understanding the behaviour of fundamental
particles and their interactions.

Despite the remarkable success of the SM in explaining experimental observations in
particle physics, significant theoretical limitations and unexplained experimental evidences
remain. In particular, the following challenges persist:

1. Hierarchy problem — In the context of the SM, there are two significant energy
scales to consider: the EW scale, coinciding with the VEV of the Higgs field,
v = 246 GeV , marks the typical scale of weak interactions. In contrast, the
Planck scale, at approximately 10! GeV, marks the energy level where quantum ef-
fects of gravity become significant. This scale stands as a point of theoretical pursuit
for the unification of EW and gravitational interactions. As one moves to higher and
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higher energies, the loop corrections to the Higgs boson mass progressively larger.
These loop corrections can be on the order of 10*” GeV when approaching the Planck
scale. The Higgs boson mass mesured close to the EW scale is about 125 GeV. The
hierarchy problem arises because there is a huge difference between the EW scale
and the Planck scale, and the loop corrections threaten to push the Higgs mass to
values far beyond the EW scale. To avoid this problem, a fine-tuning of the higher
order loop-induced contributions to the Higgs mass becomes necessary. In other
words, the values of various parameters in the theory must be carefully adjusted to
cancel out these large corrections and keep the Higgs mass close to the EW scale.
This fine-tuning is considered unnatural and raises questions about the fundamental
nature of the theory. Instead of relying on fine-tuning the theory, one alternative
perspective is to contemplate the existence of new particles circulating within quan-
tum loops. These particles could potentially mitigate the corrections to the Higgs
boson mass, offering a more elegant solution.

. Particle mass pattern — There are substantial disparities in mass among the particles

of the SM. For example, the electron is much lighter than the top quark: 7+ ~ 1012,
These mass differences are observed experimentally but are not explained within the
SM itself.

. Matter-antimatter asymmetry — Another experimental finding that underscores the

limitations of the SM is the observed asymmetry between matter and antimatter
in the universe. The SM does incorporate a phenomenon where weak interactions
violate CP symmetry. This phenomenon, known as “CP violation”, has been ob-
served in the hadronic sector through flavour oscillations in meson systems (such
as K and B mesons), and in D-mesons [14]. However, the observed CP violation
within the SM is insufficient to account for the excess of matter over antimatter in
the universe. This inconsistency necessitates a deeper exploration of physics BSM
to provide a more complete explanation.

. Neutrino mass — Experiments designed to study neutrino oscillations and a direct

neutrino mass measurement from beta decays established that their masses, althoug
not zero, are much lighter that the electron one (m, < 1eV). This represents a
challenge to the SM, as it does not naturally accommodate massive neutrinos.

. Dark matter — The existence of dark matter, which was theorised based on obser-

vations in astrophysical and cosmological contexts, is another phenomenon that the
SM cannot explain. Its presence is inferred from its gravitational effects on galaxies
and the large-scale structure of the universe, but does not consist of any known SM
particles.

. Gravitational interaction — The SM does not incorporate the theory of general rela-

tivity, which describes the force of gravity. General relativity and the SM are separate
theories that have not been unified within the SM framework. This represents a gap
in our understanding of fundamental forces.
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7. Unification of forces — The SM successfully describes the EW and strong nuclear
forces as separate entities. However, it does not provide a comprehensive framework
for unifying all the forces into a single, elegant grand unified theory. This leaves
open the possibility of a deeper and more fundamental theory that could unify all
known interactions.

Various theoretical models have been proposed to address these issues and extend our
understanding BSM. Some of these models, such as supersymmetry (SUSY) or theories
involving extra dimensions, introduced new particles and symmetries, and expanded the
dimensionality of the space-time. However, as of today, no experimental evidence has been
found to support these extensions, and the energy range explored by the LHC, the most
powerful particle accelerator to date, has severely constrained the existence of new particles
predicted by SUSY, placing significant limits on supersymmetric particles. Consequently,
the focus of particle physics experiments has shifted from direct searches for new physics
to indirect approaches. This entails the observation of deviations from SM predictions
in the differential distributions of known processes. In this context, the Effective Field
Theory (EFT) approach [15] serves as a model-independent method to investigate and
characterise such deviations. In Section [I.3] this concept will be explored in more detail.

1.2 Vector Boson Scattering

The Higgs boson and the EW sector of the SM have not yet been subject to high-precision
investigations, given that the Higgs boson’s discovery only took place in 2012 16} /17]. VBS
processes [18] stand as valuable investigative tools for these sectors, offering insights into
the mechanisms underlying the spontaneous breaking of EW symmetry. Furthermore,
VBS processes possess sensitivity to potential anomalies that may unveil the nature of
phenomena BSM. In the following sections, the details of VBS kinematic topology are
explored (Section, its connection to the Higgs boson is examined (Section, and
a comprehensive overview of ongoing VBS analyses conducted within the CMS experiment
is presented (Section [1.2.3)).

1.2.1 Signal Topology

VBS processes are exclusively governed by the EW interaction at the leading order (LO),
characterised by an order of O(a%y,a%). This calculation takes also into account the
final-state objects resulting from the decay of massive vector bosons. In Figure [1.4] a
comprehensive range of cross-sections measured at the LHC by the CMS Collaboration
is presented, encompassing various processes, including VBS, which stand out as some of
the rarest production modes observed. In fact, their cross-sections typically fall within the
range of a few femtobarns. Comparable measurements have been reported by the ATLAS
Collaboration, as documented in Ref. [19].

When two protons collide at the LHC, their constituent partons may emit vector
bosons. This process is depicted in the Feynman diagrams shown in Figure[1.5| specifically



1.2. VECTOR BOSON SCATTERING 19

illustrating WHW ™ production. These emitted vector bosons subsequently interact, giving
rise to the production of two additional vector bosons. Ultimately, these newly formed
vector bosons can undergo decay, resulting in the emergence of six fermions within the final
state. Figure presents diagrams that does not involve an actual scattering between
vector bosons, but belong to the order of O(a%y, ), and hence their inclusion in the signal
is crucial to maintain gauge invariance.

When the produced vector bosons V'V’ are massive, they lead to three distinct final
states depending on their decay modes:

o fully leptonic: VV' — (114 lo1s;
e semileptonic: VV' — lvqq';
o fully hadronic: VV' — ¢1¢|q245.

While fully leptonic decays offer high purity by minimising contamination from QCD-
induced processes, they suffer from a low branching ratio, resulting in substantial statistical
uncertainties. Advances in machine learning techniques, proficient at suppressing QCD-
induced backgrounds, have created opportunities to explore final states beyond the leptonic
modes. Specifically, semileptonic decays have emerged as a promising choice due to their
balanced combination of statistical significance and signal purity.

Processes such as those depicted in Figure are characterised by being O(afa%).
In these processes, initial state quarks interact by exchanging a gluon, followed by the
emission of W bosons from final state quarks without any interaction between them.
These processes are referred to as QCD-induced production of WTW~ bosons, owing
to the presence of two QCD vertices in the Feynman diagrams at LO. They represent
an irreducible background for the EW signal, as they share the same final state. The
interference between the EW and QCD components occurs at an order of O(a’,, as), and
its contribution typically amounts to just a few percent relative to the signal yield.

The two initial-state quarks, following their interaction in VBS processes, give rise to
two jets in the final state, often referred to as “tagging jets” or “VBS jets”. These jets are
notable for their substantial invariant mass m;; and a significant gap in pseudorapidity
An;;. The presence of such a di-jets system represents a central characteristic of VBS
processes. Indeed, the two initial-state quarks undergo weak interactions, involving the
exchange of a fraction of their energy and experiencing minor deviations from their original
trajectories.

Kinematic selections applied to these variables play a crucial role in distinguishing the
VBS signal from other processes that may mimic the VBS final state. These selections, in
particular, prove indispensable in separating the signal from the inherent QCD-induced
background. The tagging jets associated with the EW signal exhibit a high invariant mass
and substantial separation in pseudorapidity. In contrast, jets linked to WTW~ QCD-
induced background (or the interference) tend to be less energetic and more centrally
located. This discrepancy arises due to the strong interaction between quarks, leading
to a significant energy exchange and substantial deflection of the interacting particles.



1.2. VECTOR BOSON SCATTERING 20

Figure 1.5: Ilustrative VBS Feynman diagrams at O(a%y,) contributing to WW~ EW
production.
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Figure 1.6: Additional diagrams at order O(agw )®. Their importance lies in preserving
gauge invariance.

Figure 1.7: Example of Feynman diagrams depicting the QCD-induced production of
W+HW~ bosons at an order of O(aky a%).
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Consequently, the imposition of topological selections on m;; and An;; stands as the most
effective approach for distinguishing between EW and QCD production and defining a
VBS-like phase space characterised by high m;; and An;; values.

1.2.2 Higgs Boson and Unitarity of VBS Cross-Sections

When calculating the amplitude for the WTW~— — WT W~ scattering process, the matrix
element diverges as Aj—év, when solely taking into account the diagram with the quartic
gauge coupling depicted in Figure [1.5]

Incorporating the diagrams with vector boson exchange in the s- and t-channels (the
left column of Figure does not resolve this divergence issue, as the cross-section
continues to diverge with the centre of mass energy (s) [20]:

—iM(WYW™ > WIW™) ~ —— as s — oo, (1.16)
My,
The divergence is only rectified by introducing diagrams in which a scalar boson is ex-
changed, as illustrated in the right column of Figure [I.5] Remarkably, this scalar particle
happens to be the Higgs boson, with a mass of 125 GeV.

Figure illustrates the dependence of cross-sections on the centre-of-mass energy /s
for various VBS processes in different scenarios. The divergence is mitigated, and unitarity
is restored when a particle like the Higgs boson is considered.

Figure 1.8: Cross-sections (in nb) for five distinct scattering processes involving longitu-
dinal weak gauge bosons. The left panel illustrates the scenario without a Higgs boson,
while the right panel represents the SM with a Higgs boson mass of 120 GeV. Adapted
from Ref. [21].

VBS processes underscore the importance of this scalar boson within the SM as its
presence ensures the theory’s unitarity. However, any deviations from the SM expectations
could disrupt this delicate balance. Alterations in the triple or quartic gauge couplings
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can impact the interaction vertices, resulting in cross-section behaviours that deviate from
the expected values. Consequently, the study of VBS cross-sections serves as a potent tool
for identifying potential anomalies in these couplings, which in turn can provide insights
into new physics phenomena.

1.2.3 VBS Measurements in CMS

The study of EW production involving two vector bosons in association with two jets has
been ongoing at the LHC since its inception during Run 1, with an integrate luminosity of
approximately 30 fb~!. However, the limited data volume and the relatively small cross-
sections of these processes have thus far precluded any definitive claims of observation.
It was only with the advent of the Run 2 dataset, which amounted to 138 fb~!, that the
first confirmed observation of a VBS process was made [22]. This achievement was largely
facilitated by the increase in the centre-of-mass energy to /s = 13 TeV in Run 2 and
the significant expansion of data collected. These enhancements substantially boosted
the sensitivity of these searches, which had been previously obstructed by their very low
cross-sections, as illustrated in Figure (1.4}

Figure presents a comprehensive summary of CMS results in this domain, encom-
passing measurements from both Run 1 and Run 2 (as of May 2021). A corresponding
picture consistent with CMS results can be drawn for ATLAS findings [19]. In general,
these results align well with predictions from the SM, with statistical uncertainty being
the primary source of error for most of the measurements.

In the following, some of the most recent results published by the CMS Collaboration
are briefly discussed to provide an overview of the current state of knowledge regarding
VBS processes. This context will help elucidate the significance of the work presented in
this thesis.

The Golden Channel

The initial observation of a VBS process occurred in the final state with massive W bosons
decaying leptonically. Specifically, the CMS Collaboration reported this discovery with the
2016 dataset, amounting to 35.9 fb~!, in the context of the VBS production of two same-
sign W bosons [22]. This particular channel, often referred to as the “golden channel”,
was chosen due to its favourable signal-to-background ratio in terms of EW and QCD
contributions.

Subsequently, a full Run 2 analysis by CMS [23] presented simultaneous cross-section
measurements for the production of same-sign WW and WZ boson pairs in association
with two jets in the fully leptonic final state. This final state comprises either two charged
leptons (¢*¢'*, with £, ' = e, u) from the W pair decays, or three charged leptons (¢*¢/=¢'F)
originating from WZ boson decays. The EW production of WZ bosons in association with
two jets was observed with a statistical significance of 6.8 standard deviations, while an
expectation of 5.3 standard deviations had been anticipated. In-depth studies of inclusive
and differential cross-sections were conducted for both same-sign WW and WZ production,
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Figure 1.9: Overview of the cross-section ratios for pure EW interactions involving gauge
bosons, with data updated as of May 2021.

demonstrating good agreement with predictions from the SM.

A recent analysis by CMS exploited the golden channel to obtain the first measurements

of polarised cross-sections. This analysis used 137 fb~! of pp collisions at /s = 13 TeV and
was conducted in the fully leptonic final state, which ensures optimal signal purity [24].
Machine learning techniques were employed to discriminate between various polarised
components, ultimately facilitating the separation of the inclusive signal from the SM
background. In particular, the key technique employed in this analysis involved training
boosted decision trees (BDT) using discriminating kinematic and angular observables.
These observables played a crucial role in distinguishing various polarised components
within the final states (as illustrated in Figure . Furthermore, this technique was
instrumental in disentangling the inclusive signal from the SM background.
The results, derived for helicity eigenstates in both the parton-parton and WW centre-of-
mass reference frames, set a 95% confidence level upper limit of 1.17 fb (0.88 expected) on
the cross-section of longitudinally polarised same-sign WW bosons in the bosons’ centre-
of-mass reference frame. Additionally, the observed (expected) statistical significance for
the same-sign WW EW signal, featuring at least one longitudinally polarised W boson,
in the WW centre-of-mass reference frame, was found to be 2.3 (3.1) standard deviations.
All measured cross-sections are aligned with the expectations of the SM.
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Figure 1.10: Post-fit distributions showcasing the output scores of the signal Boosted
Decision Tree (BDT) used for the WEWE/WEWZE (left) and WiWs /WEWE (right)
cross-section measurements. Here, ‘" and ‘T’ signify the longitudinal and transverse states
of polarisation, while ‘X’ may denote either ‘I’ or “T’. In the lower panel of each figure,
the ratio between the observed data events and the total SM prediction is presented. The
shaded gray regions denote the uncertainties associated with the predicted yields, while
vertical bars represent the statistical uncertainties in the data. These plots are sourced

from Ref. .
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77 and Zv VBS

The production of VBS ZZ bosons in the leptonic decay mode, while offering high purity,
has yet to be observed due to its lower branching ratio. Nevertheless, CMS published
evidence for the EW signal in this channel with an observed (expected) statistical
significance of 4.0 (3.5) standard deviations in the final state with four leptons, utilising
the complete Run 2 dataset. The analysis reported a measured fiducial cross-section of
orq = 0.331575 (stat) 7033 (syst) fb, consistent with the expectations from the SM. This
channel offers an excellent platform for probing anomalies and has led to the establishment
of limits within an EFT framework, employing the invariant mass of the four final-state
leptons my, as a discriminating variable (see Figure . The ZZ channel currently sets
the most stringent limit at a 95% confidence level on the neutral current operator Ty,
bounding it within —0.43 < £ < 0.43.

A recent publication from the CMS Collaboration marked the observation of VBS pro-
duction with v—7 with a statistical significance exceeding five standard deviations .
The corresponding paper presents inclusive cross-sections for both the EW signal in isola-
tion (5.21 £ 0.52 (stat) £ 0.56 (syst) fb) and the combined EW+QCD production (14.7
+ 0.80 (stat) &+ 1.26 (syst) fb). All measured cross-sections align closely with predictions
from the SM at LO. Additionally, the Zv analysis places stringent constraints on a set of
anomalous quartic gauge couplings defined within the EFT framework.
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Semileptonic Channels

CMS has recently delved into final states distinct from pure leptonic ones [27], leading to
the first-ever observation of the EW production of a WV pair in the semileptonic channel,
with an observed (expected) significance of 4.4 (5.1) standard deviations.

The appeal of the semileptonic channel lies in its potential to augment the number of signal
events, thanks to a higher branching ratio compared to the leptonic channel. However,
this enhancement comes at the cost of an increased QCD background, particularly due to
events involving W+jets.

Advanced machine learning methods were instrumental in disentangling the signal from
the background.

The measured fiducial cross-section for the EW WYV signal stands at 1.90f8ji‘2 pb, in good
agreement with the theoretical prediction of 2.2370%% (scale) 092 (pdf) pb. The results
are in agreement with SM expectations.

WW;jj VBS

Finally, a part of the CMS Collaboration’s latest research efforts, undertaken during the
course of this thesis, delved into the purely EW production of a pair of W bosons featuring
opposite sign charges in association with two jets (WTW~53). This channel had previ-
ously evaded detection, because of the significant tt background, making it challenging to
identify. Moreover, the final state was affected by contamination from a stronger QCD-
induced background compared to the same-sign WW channel. The contamination from
Drell-Yan (DY) production becomes significant in final states with same flavour leptons
(e.g., ee and pp).

The development of sophisticated machine learning techniques played a pivotal role in
achieving optimal discrimination between the signal and the two primary background pro-
cesses, tt and QCD-induced WTW .

These efforts culminated in the discovery of this process, achieving a statistical significance
of 5.6 standard deviations. As a result, the first observation of purely EW WTW~ 5 pro-
duction was confirmed, and a measurement of its cross-section was presented. The details
of this groundbreaking result, as well as the methodologies employed, are thoroughly ex-
plained in Chapter

1.3 Standard Model Effective Field Theory

Direct searches for new physics, both model-dependent, such as SUSY, and more model-
independent, have, as of now, revealed no significant deviations from the predictions of
the SM. With the LHC now entering a regime of fixed centre-of-mass energy precision
physics, it is becoming increasingly relevant to focus on indirect searches for new physics
that are as model-independent as possible. In situations where it is postulated that the
energy scale of this new physics is well beyond the reach of the LHC, the adoption of an
EFT framework becomes a powerful tool for capturing its potential effects.
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The SMEFT is a theoretical framework that expands upon the SM. It accomplishes
this by introducing higher-dimensional operators derived from SM fields and symmetries.
SMEFT is a model-independent framework specifically designed to accommodate poten-
tial extensions of the SM that involve not only the presence of heavy particles but also
new interactions. For a more detailed theoretical description of EFTs and SMEFT, see
Refs. 28] [29).

In the SMEFT framework, the Lagrangian can be expressed as follows:

Lsvirrr = Lovi + LY + L0+ £0 4+ (1.17)
where £ for d > 4 is given by:

(@)
Ca”

L9 = = (1.18)

Lsum represents the SM Lagrangian. £0), £©6) £ and so forth correspond to higher-
dimensional operators Q&d) with a dimension d > 4.

Now, a closer examination of Equation ((1.18)) will be undertaken. The operators Q&d)
are suppressed by powers of (d — 4) relative to the new physics scale A. This implies that,
with the consideration of operators at higher energy scales, their contributions become
relatively weaker compared to the cutoff scale A. The (d — 4) factor reflects how rapidly
this influence diminishes as one move to higher energy scales. The term C&d) represents the
Wilson coefficients, determining the strength or magnitude of each operator. The index «
runs over a complete and non-redundant set of operators that are invariant under the SM
gauge symmetries. In alignment with the guidelines established by the LHC EFT Working
Group [30], the so-called Warsaw basis [31] is employed in this project. The Lagrangian
is defined according to the SMEFTsim package implementation |32} 33].

The SMEFT framework primarily focuses on even-dimensional operators, such as
dimension-6, dimension-8, and so on. This is because odd-dimensional operators, such
as dimension-5, are typically associated with physical processes that lead to neutrino
masses, which are beyond the scope of the SMEFT at colliders.

Concerning the operators Qgi), to obtain the Warsaw basis some constraint are con-
sidered. First of all, this basis takes into account only dimension-6 operators. These
operators are the lowest-dimensional operators that can have a significant impact on low-
energy observables while still providing a relatively simple and manageable framework for
extending the SM. The dimension-6 operators are particularly important for describing
deviations from the SM predictions at energy scales accessible by current experiments,
such as those at the LHC. Including higher-dimensional operators, while possible, would
introduce a much larger number of terms and complicate the analysis without necessarily
significantly improving the precision of predictions for current experiments.

Others constraints to consider when forming the Warsaw basis are the CP conservation
and the flavour symmetry. The Warsaw basis usually assumes CP conservation, meaning
that the Lagrangian is invariant under CP transformations. This simplifies the basis by
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reducing the number of independent operators. Moreover, the fermionic operators are
required to be invariant under a U(3)® flavour symmetry?. This constraint reduces the
number of independent flavour-violating operators and simplifies the analysis, particularly
in the context of quark and lepton flavour physics. With these constraints are applied,
the Warsaw basis includes a set of 59 dimension-6 operators.

Focusing on the influence of dimension-6 operators operating at the order of A2, the
scattering matrix amplitude A for a specific process undergoes a correction:

6)
A= ASM*Z —— Aqg.. (1.19)

Here, Agy stands for the SM amplitude, while Ag, corresponds to the overall amplitude
resulting from the insertion of the operator ()., with o running over a the chosen set of
operators. The latter amplitude exhibits a linear relationship with respect to C/%—G;, where
0&6) represents the Wilson coefficient associated with the dimension-6 operator ().
Consequently, the expected number of events N within a specific phase-space region

scales with the Wilson coefficients as described in the following equations:

N o AP = [Asu 2+ Y %2 Re (ASMAga> Z Ca% (AQaAgﬁ> , (1.20)

N = NSM + Z ( Nlnt Ca Nquad) + Z < aC lex) (121)

In Equation (1.20)), when a = $3, the final term simplifies to %|AQQ |2. The overall outcome
combines the SM prediction, a term with linear dependence on the Wilson coefficients aris-
ing from the interference between SM and BSM amplitudes, and a pure BSM contribution.
The latter exhibits quadratic dependence on the Wilson coefficients and is conventionally
referred to as the “quadratic term”. Equation further divides the last term into
individual and mixed quadratic contributions.

The outcome presented in Equation (|1.21]) is applicable to both integrated observables
and bin-by-bin representations of differential observables. For a specific observable, the
quantities Ngyy, N, yauad, ;éng‘ can be estimated numerically. With a total of n opera-
tors contributing, there are n independent linear terms, n individual quadratic terms, and
”(”T_l) mixed terms. Consequently, the entirety of EFT contributions can be determined
by evaluating N at a total of @ (20 for n = 5) independent points across the parame-
ter space {c,}. In this work, these evaluations are conducted through Monte Carlo (MC)
event simulations, as outlined in Chapter [5]

2The U(3)® flavour symmetry is used to describe how different types of quarks (up, down, strange,
charm, and beauty) transform under flavour-changing processes, such as weak interactions. There are
five different U(3) subgroups within the larger U(3) flavour symmetry, each representing transformations
specific to an individual quark flavour.
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Theoretical predictions suggest that SMEFT operators can affect both vertex interac-
tions and particle propagators, primarily through correction of masses and decay widths.
However, considering the limitations of presently available tools [29], generating compre-
hensive simulations at quadratic order for the dimension-6 Wilson coefficients that affect
propagators is currently unfeasible. As a practical workaround, the exclusion of all propa-
gator corrections from fundamental analyses is chosen, with the focus solely on the vertex
EFT corrections.

1.3.1 SMEFT in Vector Boson Scattering

VBS signatures hold a prominent place in the quest for new physics. In fact, as example,
VBS processes offer tree-level sensitivity to effective operators responsible for modifica-
tions of triple (TGC) and quartic gauge couplings (QGC). While dedicated dimension-6
phenomenological studies have been conducted for specific VBS signatures, such as ZZ [34]
and same-sign WW [35], a first attempt to combine VBS and diboson results on SMEFT
operators was recently presented in [36]. This projection suggests that although VBS
currently has a visible but relatively small impact on global EFT fits, its significance is
expected to grow in the future.

In Chapter [5] the sensitivity of the WHW~ VBS channel to a set of five dimension-
6 bosonic operators within the Warsaw basis will be explored. These operators include
Qw,Qrw,Qawns, Qup, Quo as defined in This choice was due to the fact that the
VBS, being a multiboson process, would be more sensible to bosonic operators. This study
aims to evaluate the projected sensitivities to these effective operators of the WHW— VBS
channel. This approach involves working at the reconstructed level, commonly referred
to as “reco-level”. This entails the analysis of experimental data post-reconstruction and
calibration, rendering it ready for detailed physics analysis. Consideration is given to all
sources of background and source of uncertainties to replicate a fully realistic analysis. The
primary goal is to conduct a comprehensive analysis using CMS data in one of the channels
most sensitive to VBS processes, the WTW™ fully leptonic. This approach allows studying
the data in a form that closely resembles the final output, ensuring that the analysis is
as close to real experimental conditions as possible. Limits on the Wilson coefficients are
then extracted, to be regarded as indicative of the maximum sensitivity of these processes
to EFT effects.



The CMS Experiment at the LHC

The LHC [37] is a circular accelerator designed to explore the frontiers of high-energy
physics, probing energy scales of several TeV. Its primary mission was to investigate the
EW sector and discover the Higgs boson, a task successfully accomplished in 2012 16, |17].
Subsequently, after this landmark discovery, research at the LHC has focused — among
the other things — on the properties of the Higgs boson, contributing significantly to our
understanding of the symmetry-breaking mechanism.

The LHC continues to explore various research paths, including verifying the SM’s
consistency and exploring potential extensions to it. In this chapter, a comprehensive
overview of the LHC machine is provided (Section and briefly describe the CMS
detector (Section [2.2)), which collected the data used in this study. Following this, in
Section 2.3] a description of the algorithm employed to reconstruct the final state particles,
commonly referred to as physics objects, is provided. Lastly, in Section [2.4] the High-
Luminosity LHC (HL-LHC) upgrade is introduced, addressing both the prospects and the
challenges that come with it. Additionally, the upgrade planned for the Electromagnetic
Calorimeter (ECAL) will be explored.

2.1 The Large Hadron Collider

The LHC is a circular accelerator located in the vicinity of the city of Geneva, spanning
the border between France and Switzerland. It is situated underground at a depth of
approximately 100 meters, and boasts a circumference of approximately 27 kilometres,
making it the most extensive and most energetic particle accelerator ever constructed.

The LHC is capable of producing collisions involving protons (lead ions), with a nom-
inal centre-of-mass energy reaching up to 14 TeV (5.5 TeV) and achieves luminosities
of up to 103*em=2s7! (10** cm™2?s7!). Around the LHC ring, four points of interaction
are strategically positioned, each equipped with a different detector designed for specific
purposes. ATLAS and CMS are general-purpose detectors used for a wide range of SM
and BSM physics research. In contrast, the LHCb detector focuses on processes involving
the bottom quark and seeks evidence of CP violation. Meanwhile, ALICE serves as a
dedicated tool for the examination of lead ion collisions.

31
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To bend the paths of the two counter-rotating proton beams, the LHC employs two op-
posite dipole magnetic fields. Consequently, two separate pipes run along the ring, each
dedicated to one of the beam directions. The accelerator structure consists of eight straight
sections, each 528 meters in length, and eight long arc sections, each extending 2.9 kilo-
meters. Collisions occur in four of these eight straight sections, each of which is equipped
with one of the four previously mentioned detectors. The LHC relies on powerful 8 Tesla
magnetic dipole fields in the arc sections to bend the proton trajectories. These magnets
are constructed using Niobium-Titanium wires covered with Copper and are maintained in
a superconducting state at a temperature of 1.9 Kelvin using a cryogenic Helium-4 system.
Magnetic quadrupoles are strategically placed to focus the proton beams in the centre of
the pipes along the LHC ring. A system of three quadrupoles precedes each interaction
point to precisely adjust the beam’s focalisation, enhancing the rate of hard interactions.

The LHC typically distributes protons into up to 2800 bunches, each containing ap-
proximately 1.15 - 10* protons. These bunches travel along the ring with a nominal time
separation of 25 ns. Proton bunches are generated from ionised hydrogen atoms and are
initially accelerated to 450 GeV by a sequence of machines, including Linac2, Proton Syn-
chrotron Booster (PSB), Proton Synchrotron (PS), and Super Proton Synchrotron (SPS),
as shown in Figure 2.1 Once the proton bunches are prepared, they are injected into the
LHC, where their energy is further increased to 7 TeV using a 400 MHz superconduct-
ing cavity system located in one of the straight sections of the accelerator. Stable beam
conditions allow for collisions to occur at a rate of 40 MHz.

The instantaneous luminosity (£) delivered by a colliding machine is defined as the
number of particle collisions per unit cross-sectional area per unit time:

dN
dt
Here, dN is the number of particle collisions observed in a given time frame dt, and o is the
cross-sectional area over which the collisions occur. £ solely depends on the characteristics

of the circulating beams and is a crucial measure of a collider’s performance. Integrating
the instantaneous luminosity over time yields the integrated luminosity (L):

L-o= (2.1)

t1
L:/ car = (2.2)
to g

where L is directly associated with the number of events collected N for a particular
process with cross-section ¢ during the LHC’s operational period. The instantaneous
and integrated luminosity delivered by the LHC in the 2010-2018 period are reported in
Figure 2.2

In each collision between two proton bunches (bunch crossing), multiple interactions
occur. The number of these interactions per crossing, referred to as pile-up, is a significant
parameter characterising the LHC environment. Figure illustrates the average number
of interactions per bunch crossing, as measured by the CMS experiment during LHC data-
taking period. During Run 2, an average of 20-40 simultaneous collisions occurred in a
bunch crossing.
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Figure 2.1: The LHC complex. From Ref. [3§].
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Figure 2.2: Top: Instantaneous luminosity versus day delivered by the LHC to CMS during
proton-proton collisions throughout the period from 2010 to 2023. Bottom: Integrated
luminosity versus day delivered by the LHC to CMS during proton-proton collisions over
the same period, with each year starting at the endpoint of the previous year. From

Ref. .
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The data used for this thesis corresponds to the period from 2016 to 2018, known as
Run 2, with an integrated luminosity of approximately 138 fb~!. After the ongoing Run
3, a third LS phase will follow, during which extensive upgrades to the ATLAS and CMS
detectors will prepare them for the high-luminosity phase (HL-LHC) expected to start in
2026. The HL-LHC aims to accumulate an integrated luminosity approximately ten times
greater than that achieved by the LHC, as will be discussed in Section [2.4]

2.2 The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) detector [40] is a versatile multi-purpose apparatus
situated around one of the four interaction points of the LHC, as can be seen in Figure [2.1]
It features a cylindrical shape, measuring 21.6 meters in length, 14.6 meters in diameter,
and weighing a total of 14’000 tons. The CMS detector comprises several subdetectors,
each serving a specific purpose. Information collected from these various components is
combined to reconstruct the complete kinematics of final-state particles.

Closest to the collision point, the tracker system, composed of silicon pixels and strips,
records the tracks of charged particles (Section . Surrounding the tracker are the
electromagnetic calorimeter and the hadronic calorimeter. The former measures the energy
of electrons and photons (Section , while the latter quantifies observables related to
hadrons (Section [2.2.3)). All three detectors are located within a superconducting solenoid
measuring 13 meters in length and 6 meters in diameter, providing a magnetic field of 3.8
Tesla, ensuring precise momentum measurements for even high-energy charged particles.
Beyond the solenoid, only the muon chambers are situated (Section, where the return
magnetic field saturates the 1.5 meters of iron within the holding structure, housing the
muon stations. In Figure [2.4] a schematic representation of the CMS detector with all
its subdetectors is presented. For a comprehensive discussion of the CMS detector, see
Ref. [40].

The CMS coordinate system has its origin at the nominal interaction point within
the experiment. It employs a right-handed coordinate system: the z-axis points radially
toward the LHC’s center, the y-axis extends vertically upward, and the z-axis aligns with
the beam direction. A spherical coordinate system (r,p,1) is used, well-suited to the
detector’s geometry. The azimuthal angle ¢ is measured from the z-axis in the (x,y)
plane, and the radial coordinate in this plane is denoted by r. The polar angle ¢ is
measured from the z-axis.

Pseudorapidity is defined as

1) »

and is often preferred over /. In fact, QCD-mediated scattering processes, the most
common interactions at the LHC, exhibit a nearly uniform distribution in n. Additionally,
for boosts along the z-axis, the n difference for massless particles is a Lorentz invariant
quantity.

In the (¥, ) plane, to expresses the angular separation between two particles, this following
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Figure 2.4: Sectional view of the CMS detector. The LHC beams circulate in opposite
directions along the central axis of the CMS cylinder, colliding at the centre of the CMS
detector. From Ref. [41].
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quantity can be used:

AR = /(An)2 + (Ap)2. (2.4)
For boosts along the z-axis, the AR calculated for massless particles is a Lorentz invariant
observable.
In the transverse plane, transverse momentum (pr) and transverse energy (FEr) represent
momentum projections and magnitudes within this plane, respectively, while p*5 indi-
cates the momentum imbalance measured in this plane. The focus on transverse quantities
is primarily due to the nature of the collider experiments. When protons collide, the mo-
mentum along the beamline direction is often dominated by the initial states of the protons,
leaving the physics of interest in the transverse plane. Moreover, focusing on transverse
quantities simplifies calculations and analysis. For example, the transverse mass, which is
a combination of the transverse energy and the magnitude of the transverse momentum,
is an invariant under Lorentz transformations, making it a convenient quantity to work
with.

2.2.1 Tracker

The inner tracking system of the CMS detector spans 5.8 meters in length and 2.5 meters
in diameter. It requires high spatial granularity and rapid response to function effectively
in the LHC environment. The tracker’s responsibilities include precisely reconstructing
the interaction vertex and secondary vertices, crucial for identifying the presence of b-
hadrons. Furthermore, it must accurately separate the trajectories of charged particles
and correlate them with the corresponding bunch crossings in a challenging environment.

As can be seen in Figure [2.2] LHC operations may involve an average of approximately
50 simultaneous interactions per bunch crossing, and the detector is exposed to a high
particle flux, necessitating radiation hardness. The silicon material chosen for the tracker
possesses all three required attributes. To minimise radiation damage, the system operates
at -20 °C and maintains a constant temperature through an efficient cooling system. In
fact, by operating the system at a lower temperature, the kinetic energy of particles is
reduced, which can help mitigate the effects of radiation damage on the silicon material.

The CMS tracker, depicted in Figure [2.5] consists of a silicon pixel detector and a
silicon strip detector. The entire tracker incorporates 66 million pixels, covering an area
of approximately 1 square meter, and 9.3 million strips, with a total active silicon area of
198 square meters. The tracker provides coverage in pseudorapidity up to 2.5.

In the closest proximity to the interaction point, the tracker features three cylindrical
layers of silicon pixel detectors situated at radii of 4.4, 7.3, and 10.2 cm. Two pixel modules
are placed on each endcap adjacent to the cylinder. During the year-end technical stop of
2016/17, the pixel system underwent an upgrade, transitioning to four layers/three disks
of low-mass silicon pixels [42]. In the upgraded detector, the innermost layer within the
barrel is positioned closer to the origin at » = 3 cm. Additionally, a fourth layer has been
added to the outermost layer in the barrel system, and an extra pixel disk is introduced
at each endcap. These enhancements enhance track and secondary vertex reconstruction
precision while reducing material content in the tracking region.
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Figure 2.5: Schematic overview of the CMS tracking system before the pixel upgrade. The
figure displays the different substructures: Tracker Inner Barrel and Disks (TIB/TID); the
Tracker Outer Barrel (TOB); the Tracker EndCaps (TEC+ and TEC-). Source: Ref. [40).

The silicon strip tracker, positioned outside the pixel region between 20 cm < r < 116 cm,
is divided into three primary components: the Tracker Inner Barrel and Disks (TIB/TID),
the Tracker Outer Barrel (TOB), and the Tracker EndCaps (TEC+ and TEC-, with the
sign indicating the location along the z-axis). The TIB and TID cover the region up to
r = 55 cm. The TIB comprises four barrel layers, while the TID incorporates three disks
situated at each end of the barrel. The TOB consists of six layers, with the outermost
layer at » = 116 cm. Finally, each TEC is composed of nine disks, expanding coverage in
the z-direction up to 280 cm.

All barrel layers employ silicon strips, although with differing thicknesses and lengths
corresponding to the distance from the interaction points. Inner layers feature finer strips
with smaller dimensions, gradually reducing granularity in the outer layers as particle
track densities decrease. This design maintains an average occupancy of approximately
2-3% per bunch crossing.

2.2.2 Electromagnetic Calorimeter (ECAL)

The Electromagnetic Calorimeter (ECAL) of CMS is designed to be both hermetic and
homogeneous, ensuring excellent energy resolution. It consists of 61200 lead tungstate
(PbWO,) crystals in the central barrel section (EB) and 7’324 crystals in each of the
two endcaps (EE). Additionally, a preshower detector (ES) is placed in front of each EE.
The crystals are read out using avalanche photodiodes (APDs) in the barrel and vacuum
phototriodes (VPTs) in the endcaps. Similar to the tracker, the ECAL was engineered to
meet the demands of fast response, fine spatial granularity, and radiation hardness.
PbWO, was chosen for its high density (8.28 g/cm?), short radiation length! (X, = 0.89

!The radiation length (Xj) is defined as the mean distance over which the energy of an electron or
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cm), and small Moliere radius® (2.2 cm). These characteristics enable the construction
of a compact calorimeter with fine granularity. Moreover, approximately 80% of the
scintillation light is emitted within the first 25 ns, matching the time intervals between
LHC bunch crossings. The light output is temperature-dependent, with relatively low
emission (equivalent to 4.5 photoelectrons per MeV) at the operating temperature of
18°C. The scintillation light falls within the blue-green spectrum, peaking at 420-430 nm.

Figure[2.6|provides a schematic representation of the ECAL’s various components. The
EB covers the pseudorapidity region up to |n| = 1.479. It consists of 170 rings centred
in the z-direction, with each ring fixed at a specific n position and housing 360 crystals
that span the ¢ angle. The total volume occupied by these crystals is 8.14 m?®, with
a combined weight of 67.4 tons. These crystals measure 230 mm in length (equivalent
to 25.8 Xj) and have a tapered shape with front (rear) surfaces measuring 22 x 22 mm?
(26 x 26 mm?). The crystals are arranged in a quasi-projective geometry, with their axes
forming a 3° angle relative to the nominal interaction vertex. This configuration eliminates
gaps between crystals aligned with particle trajectories. Crystals are grouped into alveolar
structures known as submodules, which, in turn, form modules. Four modules are housed
within each supermodule, resulting in a total of 36 supermodules, each covering a 20°
segment in ¢ and containing 1’700 crystals. The EE extends from |n| = 1.479 to |n| = 3,
with each endcap divided into two Dees where crystals are arranged in an x — y grid.
These crystals are 220 mm in length (equivalent to 24.7 Xj) and have front (rear) surfaces
measuring 28.62 x 28.62 mm? (30 x 30 mm?). The preshower detector comprises two layers
of silicon strip sensors (active elements) preceded by two layers of lead (absorbers). This
sampling calorimeter is positioned before each endcap, covering the pseudorapidity range
of 1.653 < |n| < 2.6 and possessing a thickness of 20 cm. It serves to identify photons
resulting from neutral pion decay in the endcaps and aids in the position measurements
of electrons and photons.

The energy resolution of a calorimeter can be expressed as the quadratic sum of three
components, namely the stochastic term (5), the noise term (/V), and the constant term

(C):
- G+ () e 2

Values for these three terms were determined in a test beam with electrons prior to data
collection [43|, yielding S = 2.8%, N = 12%, and C' = 0.3%. This formula holds for
energies below 500 GeV; beyond this threshold, the electromagnetic shower is not fully
contained within the calorimeter. The stochastic term S accounts for fluctuations in the
lateral containment of electromagnetic showers, variations in the number of photoelectrons
emitted per GeV in APD or VPT, and the randomness of energy deposit in the preshower
absorber. The noise term N encompasses all electronic, digitisation, and pileup noise
contributions, including photodetector noise from leakage current. Lastly, the constant

photon decreases to about 1/e (approximately 36.8%) of its initial value.
2The Moliere radius (Rys) is a parameter describing the lateral spread of a particle shower in a material

with density p and radiation lenght Xg: Ry =~ %??05.
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Figure 2.6: Layout of the ECAL, including the barrel, two endcaps, and the preshower.
Source: Ref. [40].

term C' results from non-uniform light collection along the longitudinal direction and im-
perfections in crystal intercalibration. A minor contribution comes from energy leakage
from the back of the crystal. These effects are energy-independent, making the constant
term the primary contributor to energy resolution at higher energies. Consequently, pre-
cise calibration to standardise crystal responses is crucial for achieving optimal ECAL
performance.

Response Monitoring and Calibration of the ECAL

During LHC operation, the PbWO, crystals are exposed to radiation damage caused by
both electromagnetic and hadronic interactions. Electromagnetic interactions lead to the
formation of colour centres in the crystals, reducing crystal transparency. Fortunately, this
electromagnetic damage is largely self-healed at the operating temperature of the ECAL,
thanks to the spontaneous annealing of these centres. However, hadron-induced damage
poses a more serious threat to the crystals than electromagnetic interactions. It results
in a shift of the transmission band, causing significant losses in light transmission. Unlike
electromagnetic damage, this type of damage is not recoverable over time and accumulates
during data-taking.

To monitor changes in crystal response during LHC operation and prevent degradation
of the ECAL resolution, a high-precision light monitoring system (LM) is employed. This
system uses laser light with a wavelength of 447 nm, which is injected every 40 minutes at
a fixed position on the front (or rear) face of each crystal and collected by the APD (VPT)
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on the crystal’s rear face in the EB (EE). Laser pulses are controlled by a PN photodiode,
typically associated with a set of 100-200 crystals known as a harness. This setup ensures
that the measured response remains stable despite fluctuations in the injected light. The
relative response of a crystal to laser light is calculated as the amplitude (A) of the
photodetector signal normalised to the signal measured by the PN diode, as follows:

_ Aarp

B APN'

Ra (2.6)
These changes are most pronounced for crystals near the beam line that receive higher
radiation doses. In particular, response variations of up to 10% are observed in the barrel,
increasing to 62% at the tracker’s limit (|n| < 2.5) and reaching 96% in the region closest
to the beam pipe.

The LM system continuously monitors crystal response variations every 40 minutes
to correct for transparency losses. Laser corrections are determined for each crystal over
time using the formula:

Rch(O) a
LCu(t :( ) , 2.7
0= Rt =0
where R (t) and R, (0) represent the crystal’s response to laser light at time ¢ and the
start of each year’s data-taking (¢ = 0), respectively. The parameter a accounts for

different paths of laser and scintillation light and has an average value of about 1.5 in
EB and 1 in EE. These values, determined in a test beam before data-taking and refined
during it to consider transparency losses, ensure precise calibration of crystal responses.
A residual drift in the energy scale over time, observed in the barrel, is attributed to
radiation-induced damage in PN photodiodes. An effective correction for Run 2 data was
derived using the E/p method to address this residual drift.

Following the application of time-dependent calibration, intercalibration is performed
to equalise crystal responses at the same pseudorapidity coordinate. Intercalibration meth-
ods include the 7°, E/p, Zee, and @p-symmetry methods, each offering complementary
benefits based on different data samples and techniques. These methods are combined as
a weighted sum, with weights determined by the relative precision of each method.

Finally, the absolute energy scale is derived and applied as a function of 1 to equalise
crystal responses in different 7 regions. This scale is determined using events from Z boson
decays into electrons, ensuring agreement between observed invariant masses for electrons
in data and MC simulations across various 7-rings.

2.2.3 Hadronic Calorimeter (HCAL)

The CMS Hadron Calorimeter (HCAL) was designed with high granularity, allowing it
to not only measure the energy of jets but also determine their direction. Similar to the
ECAL, the HCAL is a hermetic calorimeter designed to contain hadronic showers effec-
tively. This containment capability is vital for estimating missing transverse momentum
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miss

pp'™, associated with weakly interacting particles like neutrinos or potential exotic parti-
cles.
The HCAL system consists of four subdetectors:

e the Hadron Calorimeter Barrel (HB) and Endcaps (HE) are placed inside the solenoid
magnet, covering pseudorapidity regions of |n| < 1.3 and 1.3 < |n| < 3, respectively;

e the Outer Hadron Calorimeter (HO) extends to |n| < 1.3, covering the same region
as HB;

e the Forward Hadron Calorimeter (HF) provides rapidity coverage up to |n| = 5.2.

The HB is a sampling calorimeter made of brass absorber and plastic scintillator, read out
using wavelength shifters. Due to space limitations between the ECAL and the solenoid
magnet coil, the HB has a limited amount of absorber material. Therefore, an additional
subdetector, the HO, is added outside the magnet coil to ensure adequate shower contain-
ment. The HO also uses plastic scintillator as the active material.
The HE is a sampling calorimeter placed in the endcap iron yokes, consisting of alternating
layers of brass absorber and plastic scintillator, similar to the HB.
The HF, covering the high pseudorapidity region (3 < |n| < 5.2), is a Cherenkov calorime-
ter with quartz fibers as the active material and steel as the absorber material. Its
radiation-hard design allows for the identification of forward jets, a crucial signature for
processes such as VBS and Vector Boson Fusion (VBF). Additionally, the HF contributes
to more reliable pss measurements.

During Run 2, the HCAL readout system, including photodetectors and electronics,
underwent upgrades to enhance detector performance [44].

2.2.4 Muon Chambers

The CMS muon system serves three main purposes: muon identification, momentum mea-
surement, and triggering. It is designed to deliver precise and robust muon measurements
across a wide range of LHC energies and angles. The system takes advantage of the high
magnetic field and uses magnet return yokes as additional hadron absorbers.

Muon momentum resolution achieved solely by the muon system is approximately
9% for low values of n and transverse momenta up to 200 GeV [45]. However, multiple
scattering of muons before reaching the muon system due to budget material present before
the muon station impacts resolution negatively. For 1 TeV muons, the resolution ranges
from 15% to 40%, depending on 7. Combining inner tracker information significantly
improves performance, resulting in an order of magnitude improvement at low pr and
reaching 5% resolution at 1 TeV in the barrel region. The muon momentum resolution is
further optimized through an alignment system that measures muon subsystem positions
relative to other CMS detector components.

The muon system consists of three types of gaseous particle detectors arranged cylin-
drically in the barrel and endcaps. The detectors include:
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e Drift chambers (DT) with rectangular drift cells, covering the pseudorapidity region
In|] < 1.2 with a uniform magnetic field, low muon rates, and minimal neutron
background.

e Cathode strip chambers (CSC) grouped in four stations within each endcap, covering
the region 0.9 < |n| < 2.4 with a non-uniform magnetic field. CSCs offer a fast
response time, fine granularity, and radiation hardness, crucial for high muon rates
and radiation doses.

e Resistive plate chambers (RPC) located up to |n| < 1.6 in both the barrel and end-
caps. RPCs provide an independent trigger system with fast response and good time
resolution. Redundancy is employed to reduce background contamination, enhanc-
ing time and pr resolution.

2.2.5 Trigger

The CMS trigger system serves to reduce the extremely high event rate produced by LHC
bunch crossings to a manageable rate for data storage. This reduction occurs in two stages,
ultimately retaining only the most interesting events. The first stage, known as the Level-1
(L1) [46] trigger, reduces the rate to 100 kHz, and the subsequent stage, the High-Level
Trigger (HLT) [47], further narrows it down to 1 kHz. A software component, the Trigger
Supervisor, controls the configuration and operation of these trigger components.

The L1 trigger is a hardware system that analyses every bunch crossing with a latency
of approximately 4 us. During this time, it assesses raw data from muon and calorimeter
subsystems to determine whether an event should be passed on to the HLT trigger. The L1
trigger employs a hierarchical structure, starting with Local Triggers (or Trigger Primitive
Generators) that analyse energy deposits in calorimeter trigger towers, track segments, and
hit patterns in muon chambers. Data from the calorimeters are aggregated by Regional
Triggers (RTC) to create trigger objects such as electrons, photons, or jets, which are
then passed to the global calorimeter trigger (GCT). Similarly, muon chamber hits are
processed through pattern comparators, segment finders, and track finders to identify
muon candidates, which are transferred to the global muon trigger (GMT). The GMT
and GCT combine information to make a final decision about event rejection, which is
communicated to the subdetectors through the Timing, Trigger, and Control system.

Accepted events proceed to the HLT trigger, where further selection criteria are applied
to decide whether an event should be permanently stored. The HLT consists of a large
farm of thousands of computers performing calculations to reconstruct and identify objects
from the full dataset acquired by all subdetectors. Specific HLT paths are defined based
on data analysis requirements, and they filter and select interesting events. Special HLT
paths are also defined for data calibration and monitoring purposes. Events accepted by
an HLT path are archived for further analysis.
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2.3 Particle Flow Reconstruction Algorithm

In this section, an overview of the Particle Flow reconstruction algorithm (PF) [48] is pro-
vided. This algorithm is employed for the precise identification and reconstruction of final
state particles within the CMS environment. The CMS detector is equipped with subde-
tectors (described in Section optimised for the PF algorithm’s performance. The PF
algorithm uses data from these subdetectors to reconstruct various physical objects, in-
cluding jets, muons, electrons, and photons. Additionally, it calculates missing transverse
momentum ps* and identifies jets containing b-quarks. This algorithm remains effective
even in scenarios with multiple simultaneous interactions, as it can identify and subtract
particles from pileup vertices.

The identification and reconstruction of physical objects begin with PF elements, which
consist of tracks in the tracker and muon station, as well as clusters of energy in the
calorimeters. Then, the PF algorithm proceeds by connecting these fundamental elements
to obtain PF blocks. The identification and reconstruction of different objects start from
these PF blocks following a specific order.

Muons are identified and reconstructed by connecting their tracks in the muon station
with those in the inner tracker, as detailed in Section [2.3.1} Subsequently, the particles
corresponding to these muon candidates are removed from the PF blocks. For electron re-
construction, energy deposits in the ECAL are matched with tracks in the silicon detector,
as explained in Section[2.3.2] Any associated tracks and energy clusters linked to electrons
are then filtered out from the event. In the same processing step, isolated photons are also
identified. Additionally, in accordance with Section [2.3.3] neutral and charged hadrons are
reconstructed by combining information from HCAL, ECAL, and the tracker, which are
later merged to create jets. Finally, the total energy imbalance is calculated as described
in Section [2.3.3] To illustrate the concept of the PF algorithm, refer to Figure

2.3.1 Muons

Muons are classified into three distinct categories based on the methodology employed
in their reconstruction [49]: standalone muons, tracker muons, and global muons. The
standalone muons are reconstructed solely from hits in the muon stations, and their re-
construction involves a track finder that uses the Kalman filter technique [50]. However,
standalone muons often suffer from contamination by cosmic muons and typically exhibit
poorer momentum resolution compared to global or tracker muons. Consequently, they
are generally not used at the analysis level.

The tracker muons category encompasses candidates with a silicon tracker track that
matches at least one segment in the DT or CSC muon stations. Tracker muons are partic-
ularly efficient at reconstructing muons with low transverse momentum (pr) because such
muons often scatter from material before reaching the muon station. However, their purity
can be compromised by the presence of hadron background, as some hadron showers may
penetrate the innermost layer of the muon station.

Finally, global muons represent a combination of both tracker and muon station infor-
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Figure 2.7: A schematic representation of particle interactions within a transverse slice
of the CMS detector, extending from the beam interaction region to the muon detector.

From Ref. .
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mation. These muons are typically associated with high pr values and exhibit a low
misidentification rate. The integration of information from both subsystems also yields
more accurate momentum measurements. In particular, global muons offer a more precise
measurement of pr than tracker muons for pr values exceeding 200 GeV.

In summary, the overall efficiency in reconstructing muons reaches an impressive 99%
within the geometrical acceptance of the CMS detector.

2.3.2 Electrons

Electron reconstruction begins by identifying clusters of energy in the ECAL that are as-
sociated with tracks detected in the silicon tracker. However, as electrons pass through the
tracker’s material, they can emit photons due to bremsstrahlung. These emitted photons
tend to be concentrated in the ¢ direction, with minimal dispersion in 7.

To reconstruct electrons accurately, the process starts with identifying individual crystals
in the ECAL that record energy above a certain threshold. Nearby crystals that meet
specific criteria are then included in the reconstruction, expanding both in the ¢ and 7
directions for the EB or in the (x,y) plane for the EE. These initially identified clusters
are eventually merged to form what are known as superclusters. For more detailed infor-
mation on this process, see Ref. [51].

The tracker employs two different approaches depending on the level of bremsstrahlung
emission associated with the electron. For cases with low bremsstrahlung, a standard
Kalman filter is employed, which is the standard approach for all charged particles. How-
ever, in situations where bremsstrahlung leads to substantial energy loss and trajectory
alterations, the Gaussian Sum Filter (GSF) [52] proves more effective. The GSF has the
ability to recover hits that have deviated due to changes in the electron’s path.

Electrons can be reconstructed using two distinct approaches: one starting from an ECAL
supercluster and the other from a GSF track. In the ECAL-based approach, the position
of the ECAL supercluster is extrapolated back to the tracker to check for a matching
track. A critical energy-based selection criterion is applied to differentiate electrons from
hadrons. Specifically, the ratio of the supercluster’s energy to the corresponding energy
deposited in the HCAL must be less than 0.15. This helps avoid confusion with hadrons,
which can deposit energy in the ECAL. The HCAL energy calculation includes contribu-
tions from all the towers within a cone of AR = 0.15 around the electron’s direction. This
approach is particularly suited for high-energy electrons. In the tracker-based approach,
the GSF track is extrapolated to match an ECAL supercluster. This method is chosen
to ensure high efficiency and accuracy in reconstructing both low pr electrons and non-
isolated electrons. The momentum resolution for reconstructed electrons can vary from
1.7% to 4.5%. Meanwhile, the efficiency of the reconstruction process varies depending on
the electron’s position in 1 and the extent of bremsstrahlung emission, ranging from 88%
to 98% in the barrel and from 90% to 96% in the endcaps for electrons with pr in the
range of 10 to 100 GeV [51].
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2.3.3 Jets and Missing Transverse Momentum

Following the reconstruction of muons, electrons, and photons, their associated tracks and
clusters are removed from the event data. What remains, in terms of tracks and clusters,
is attributed to two fundamental components: hadrons (both charged and neutral) and
non-isolated photons, forming the building blocks for the formation of jets.

Photons and hadrons are reconstructed based on information from the ECAL and the
HCAL. Within the tracker’s coverage region (|n| < 2.5), HCAL clusters that can be linked
to a track are identified as charged hadrons. ECAL clusters without corresponding tracks
in the tracker are classified as photons. HCAL clusters with no association to any track
are attributed to neutral hadrons. In regions beyond the tracker’s coverage (|n| > 2.5),
ECAL clusters that can be matched with an HCAL cluster are associated with hadrons
(either neutral or charged), while ECAL clusters alone (without a link to HCAL clusters)
are identified as photons.

Jets are then constructed from these PF candidates using the anti-kp algorithm [53,
H4] with a specific distance parameter (R = 0.4, often referred to as AK4 jets). The pr of
an AK4 jet is calculated as the vectorial sum of the py of all the PF candidates contained
within it.

To account for various effects, such as pileup and differences in the response of the
detector, jet energy scale corrections (JEC) are applied. These corrections are determined
as functions of both the pseudorapidity and the transverse momentum of the jets. They
play a critical role in ensuring the accuracy of jet energy measurements. The achieved
resolution in measuring jet energy depends on the jet’s energy and its position in pseudo-
rapidity. In the central region of the CMS barrel, for instance, jet energy resolutions are
typically around 15-20% at 30 GeV, approximately 10% at 100 GeV, and as low as 5% at
1 TeV [55].

Once all the PF candidates have been reconstructed, the negative sum of their trans-
verse momenta (pr) is computed. This quantity is referred to as the missing transverse

miss

momentum (pF**) [56] and is used to account for particles that are undetectable by the
detector, such as neutrinos. Several factors influence the measurement of p# including
experimental resolutions, misreconstructions of particles, non-hermeticity of the detector,
and the presence of additional non-primary vertices. Extensive studies, conducted on both
real data and simulated samples, have been undertaken [56] to enhance the efficiency and
precision of p*s measurements. This precise measurement of transverse momentum is
particularly vital for the analysis conducted in this thesis, as it involves the leptonic final

state of W bosons.

2.4 The High Luminosity Large Hadron Collider

To unlock the full discovery potential of the LHC, the High-Luminosity LHC (HL-LHC) |57]
upgrade is dedicated to enhancing the original design’s performance, quantified through
integrated luminosity, by a factor of ten. The upgrade is currently underway, and physics
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Figure 2.8: Long-term operational timeline of the LHC, with Run 4, Run 5, and Run 6
representing the HL-LHC phase.

| Peak lumi. (x10* ¢cm™2 s7!) | Peak pile-up | Lumi/year (fb™!)

LHC 2017 1.7 50 40
HL-LHC 7.2 140 250

Table 2.1: Projected HL-LHC operating parameters, with 2017 reference values. This
table includes values on the peak instantaneous luminosity, peak pile-up (indicating the
number of concurrent interactions per LHC bunch crossing), and the total integrated
luminosity expected per year. From Ref. [5§].

experiments are expected to start data collection no earlier than 2029. The operational
timeline for both the LHC and the HL-LHC spanning two decades, from 2021 to 2041, is
visually represented in Figure [2.8|

The HL-LHC project aims to provide proton-proton collisions at 14 TeV, allowing
an integrated luminosity of 250 fb=! per year, with the ultimate goal of reaching 3000
fb~! approximately twelve years after the upgrade [58]. The HL-LHC projected operating
parameters are listed alongside the parameters of the LHC in 2017 in Table [2.1]

2.4.1 Present Luminosity Limitations and Hardware Constraints

The instantaneous luminosity £, already defined in Equation (2.1), can be expressed
as [57]:
N2 frev
o

= irBee, (2.8)
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where R represents the luminosity geometrical reduction factor. This factor accounts for
geometric and focusing effects on the collision rate and is defined as:

0.0, ) -1

R:( 1+

(2.9)

Here is a breakdown of the parameters and some of their nominal values for both the LHC
and HL-LHC:

~: Proton beam energy in units of rest mass.
ny: Number of bunches per beam.
N: Bunch population.
frev: Revolution frequency (11.2 kHz).
£*: Beam beta function at the collision point. Describes beam focusing.
€,: Transverse normalised emittance. Measures beam compactness.
0.: Full crossing angle between beams. Controls collision angle.
o: Transverse r.m.s. size (16.7 pym).
o.: Longitudinal r.m.s. size (7.55 cm).

It should be noted that the nominal values enclosed in brackets remain the same for both
the LHC and HL-LHC. For differences in other parameters between the LHC and HL-LHC,
refer to Table which provides a comprehensive overview of the primary parameters
essential for high luminosity operations at the HL-LHC.

Before discussing the new changes for HL-LHC, it is crucial to identify the systems
that may need improvements due to potential breakdowns and accelerated aging or if they
could become bottlenecks in higher radiation environments:

e Inner Triplet Magnets: Some components of the inner triplet quadrupoles and correc-
tor magnets could experience radiation damage, possibly leading to sudden electrical
breakdowns.

e Cryogenics: A new cryogenic facility is being built to cool the superconducting radio
freqeuncy and magnets separately. This separation will avoid the need to warm
up the entire circular section of the accelerator when maintenance is required in
the triplet region, making the accelerator more flexible and available for ongoing
operations and upgrades.

e Collimation: The current collimation system requires an upgrade to accommodate
higher beam intensities and protect the new triplets in specific areas.
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e Dispersion Suppressor (DS) Regions: These areas need attention due to the poten-
tial issue of off-momentum particle leakage into the main superconducting dipoles,
which can significantly limit LHC performance. “Leakage of off-momentum parti-
cles” refers to the unintended presence of particles that don’t have the desired or
optimal momentum or energy, that have deviated from the ideal trajectory as they
circulate through the accelerator. The most promising approach involves replacing
an LHC main dipole with with shorter, higher-field dipoles (11 T, 11 m) of equal
bending strength (120 T-m). This change enables the installation of specialised
collimators, mitigating the issue.

e Radiation to Electronics (R2E) and Superconducting Links: Efforts are underway
to replace radiation-sensitive electronics boards with radiation-hard cards, designed
and manufactured to be more resilient to the damaging effects of ionising radiation.
Additionally, some power converters may be relocated to the surface to improve LHC
availability using superconducting links.

e Quench Protection System (QPS), Machine Protection, and Remote Manipulation:
Systems like QPS for superconducting magnets, machine protection, and remote ma-
nipulation need upgrades to ensure safety and efficiency, especially with the increased
performance levels.

These improvements are essential for maintaining the reliability and efficiency of the ac-
celerator, especially in the context of higher radiation environments.

2.4.2 Luminosity Levelling

The operation of the HL-LHC encounters limitations due to two primary factors. Firstly,
there is the issue of energy deposit resulting from collision debris within the magnet
region. Secondly, there is the imperative to control peak pile-up events in the detector.
To tackle these challenges, the HL-LHC employs a strategic approach called “luminosity
levelling” [57]. Instead of maintaining a constant peak luminosity, the collider operates at a
consistent luminosity level, intentionally kept below its maximum potential. This approach
effectively mitigates “luminosity burn”, a phenomenon where protons are consumed during
collisions.

To maximise integrated luminosity under the levelled luminosity constraint, the key
is to maximise fill length, namely the period when the accelerator is actively used for
experiments. Achieving this involves maximising the injected beam current. Additionally,
several other factors play crucial roles in reaching the required 3 fb~!/day:

e Minimising the average machine turnaround time, namely the time it takes to com-
plete a cycle of operations, from the end of one experimental run to the beginning
of the next.

e Ensuring the average operational fill length exceeds the luminosity levelling time,
namely the time required to adjust and stabilise the luminosity.
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e Maintaining good overall machine efficiency, which accounts for the available physics
time (portion of time when the accelerator is operational and can be used for con-
ducting experiments and collecting data) after accounting for downtime for fault
recovery.

Closely related to machine efficiency is physics efficiency, which is a critical factor for
maximising integrated luminosity. Physics efficiency represents the fraction of time per
year dedicated to delivering actual collisions for experiments. In the context of achieving
the desired 3 fb~! /day luminosity, efficiency is just as crucial as optimising the accelerator’s
virtual peak performance. It ensures that the available operational time is effectively
used for conducting experiments and collecting data, aligning with the goal of luminosity
levelling to enhance the overall performance of the HL-LHC.

2.4.3 HL-LHC Parameters and Key Upgrade Systems

A common approach for achieving a luminosity upgrade involves reducing * through the
implementation of stronger and larger aperture low-g* triplet quadrupoles. However, as
[£* is reduced to achieve tighter beam focusing, it has a cascading effect on the accelerator
design. The reduction in 8* necessitates an increase in the crossing angle. This is because,
with smaller beam sizes at the interaction point (IP), there is a risk of beam collisions
outside the beam pipe, which could lead to beam loss and potential damage to accelerator
components. To mitigate this risk, it becomes necessary to increase the crossing angle,
ensuring stable and safe beam operation while maximising luminosity. To accommodate
the increased crossing angle, even larger aperture triplet magnets, an expanded aperture
for the first separation dipole®, and additional adjustments to the matching section are
required. Additionally, the increased crossing angle reduces the size of the luminous region,
which is the area where particle collisions occur, and, as a result, may reduce the potential
gain in peak luminosity.

In the standard LHC setup, the practical limit for 8* is around 30-40 cm, compared
to the nominal value of 55 cm. However, a novel approach called the Achromatic Tele-
scopic Squeeze (ATS) scheme greatly improves beam focusing and control, allowing for a
remarkably low * value of 15 cm. This innovation significantly boosts luminosity while
maintaining beam stability. To achieve this reduced *, the triplet quadrupoles must dou-
ble their aperture, requiring a 50% stronger magnetic field than the current LHC. This
necessitates the use of advanced superconducting technology based on Nb3Sn.

One drawback of significantly reducing g* is the requirement for a larger crossing
angle, which leads to a reduction in the geometrical luminosity reduction factor R. When
the beam is more strongly focused with a g* of 0.55 m, R is 0.85, but as the focusing
changes to a * of 0.25 m, R decreases to 0.5. To counteract this effect, various methods
can be employed. The most efficient and elegant solution for compensating the lower R
involves the use of special superconducting radio-frequency crab cavities. These cavities

3The first magnetic dipole is encountered by particles after they exit the IP. Its role is to bend the
paths of particles in such a way that they are separated into different beamlines.
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can generate transverse electric fields that rotate each bunch longitudinally, aligning them
in such a way that they effectively collide head-on and overlap perfectly at the collision
points. Crab cavities unlock the full potential of the small g* values offered by the ATS
scheme and larger triplet quadrupole magnets.

2.4.4 ECAL Upgrade

Upgrades are underway for the ECAL (Section to ensure its performance aligns
with the luminosity objectives of the HL-LHC. These enhancements comprise two crucial
aspects: the replacement of front-end and off-detector electronics within the EB, and the
complete replacement of the EE. The primary motivation for the EB upgrade in Phase
IT lies in stringent trigger requirements. These necessitate achieving a latency of 12.5
us, a significant increase from the current 4 us, and accommodating a L1 trigger rate of
approximately 750 kHz, compared to the current 100 kHz. Meeting these criteria entails
replacing front-end cards in the barrel and off-detector electronics. For a more detailed
description of the ECAL upgrade refer to Ref. [59).

In Phase II, CMS plans to leverage per-particle time information with a remarkable
precision of 30 ps. This innovation promises to enhance event reconstruction and reinforce
resilience against pile-up. Simulation studies have shown that incorporating timing infor-
mation for electrons, photons, and charged hadrons significantly broadens the potential

for precise measurements within the Higgs sector and extends the search for new physics
BSM.

Crystals and Photoreadout

Studies have been conducted to assess the impact of radiation on lead tungstate crys-
tals. The enduring reduction in light transmission due to hadron irradiation is the primary
concern for utilising the calorimeter at the HL-LHC. Previous test beam campaigns have
generated data for characterising and forecasting how the crystals will evolve under the
anticipated aging conditions at the HL-LHC. An increase in the constant term of energy
resolution, reaching around 1.5% at high 7 values in the EB, is anticipated by the end
of LHC Phase II. This aligns with the requirements of physics and, consequently, the EB
crystals will be kept.

Throughout LHC Phase II, APDs will remain in operation. However, a significant
increase in their dark current due to silicon damage from hadron irradiation is expected. To
mitigate this effect, the operational temperature of the EB will be lowered from the Phase I
nominal temperature of 18°C to 9°C. Projections suggest that at 9°C, the dark current for
APDs will reach approximately 50 pA (equivalent to 250 MeV energy-equivalent noise)
for regions with n = 0 and about 100 pA at n = 1.45 after 3000 fb~! of operation.
Figure illustrates the anticipated evolution of the dark current at these two operating
temperatures. Additionally, there is consideration of further lowering the temperature
to 6°C after approximately 1600 fb~! of operation, although this scenario is still under
evaluation.
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Figure 2.9: Anticipated evolution of APD dark current for APDs at || = 1.45 operated
at 18°C (red line), at 9°C (blue line), and in a mixed scenario including a further step to
6°C after the LHC Long Shutdown 4. Source: Ref. [59).

Electronics Upgrade

In the electronics upgrade, modifications will be made to the front-end components and
cards while preserving the mechanical structure of the cooling system and the mother-
boards. These motherboards are positioned beneath the cooling structure and serve to
distribute low voltage to the electronics, provide bias voltage to the photodetectors, and
route APD signals to the very front-end cards.

The very front-end card has been redesigned to ensure low noise, a shorter pulse shap-
ing duration, and a higher sampling rate, as deeply explained in Section [3.3] This is
accomplished using trans-impedance amplifiers (TTA), enabling the generation of a volt-
age representation of the photocurrent at the APD output. Two gain settings, x 1 and x
10, will be employed to maintain signal sensitivity up to 2 TeV. These TIA signals will be
digitised at 160 MHz and will be transmitted to the front-end cards through a LiTE-DTU
unit. This transmission will incorporate a lossless data compression algorithm to reduce
bandwidth requirements.

The front-end card will use new data transmission technologies, including IpGBT and
Versatile Link plus, to transmit single-crystal data sampled at 160 MHz (a significant
improvement from the current 40 MHz) to the back-end electronics system.

This data will be ready for use at the Level-1 trigger stage, eliminating the need for
on-detector data selection and buffering. This upgrade will substantially enhance the
Level-1 trigger’s granularity by a factor of 25, offering improved precision and aiding in
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the rejection of unwanted signals, including those resulting from direct ionisation in the
APDs (referred to as “spikes”).



ECAL Signal Reconstruction

In this chapter, a closer look is taken at how signals are reconstructed in the ECAL. When
particles interact with the ECAL, they trigger a chain of events leading to the measurement
of their energy. This energy undergoes a sophisticated reconstruction process, which will
be elaborated on in Section A crucial component of the ECAL signal reconstruction
is the Multifit algorithm [60], an iterative algorithm that reconstructs the amplitude using
templates directly derived from experimental data. Section provides an in-depth
explanation of the Multifit algorithm. Alternatively, the Weights method [61] offers a
distinct approach to estimate signal amplitudes by calculating them through weighted
combinations of time samples. Section will provide a detailed explanation of the
Weights method. The choice between the Multifit and the Weights method depends on
specific experimental needs, as will be detailed in Section [3.1.3]

In this project, the primary focus was on developing and refining the Weights method
for Phase II, addressing both amplitude and timing jitter reconstruction. The timing jitter
is defined as the nominal time of maximum and the actual time of maximum. This method
involved the derivation of optimised weights, designed to accommodate the Phase II pulse
shapes. An in-depth exploration of the mathematical procedures used to extract optimised
weights, a critical aspect of this method’s success, and a comprehensive understanding of
the algorithm’s inner workings will be provided in Section [3.2] for amplitude reconstruction
and Section for timing jitter reconstruction. To validate the method’s reliability and
effectiveness, closure tests were conducted, and the results and insights thereof are also
covered in the respective sections.

The modules developed for this project have been successfully integrated into the
official CMS software. This achievement marks a significant milestone in the practical
application of the Weights method within the CMS framework for the high-luminosity
phase.

3.1 ECAL Energy Reconstruction

The ECAL, thoroughly described in Section [2.2.2] assumes a pivotal role in the recon-
struction of photons, electrons, and jets. Beyond its crucial role in measuring the elec-
tromagnetic component of particle showers, precision in these measurements is essential.

57
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Hence, ensuring precise energy reconstruction in the ECAL is of utmost importance to
maintain the reliability of analyses conducted within the CMS Collaboration.

When particles, such as photons or electrons, interact with the lead tungstate ECAL
crystals, different physical processes take place. Initially, the incident particles may un-
dergo interactions like pair production and bremsstrahlung within the crystal’s structure.
As these interactions unfold, they give rise to what is known as an electromagnetic shower.
An electromagnetic shower is a cascade of secondary particles, including electrons and
positrons, which are generated as a result of the