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Abstract

The Large Hadron Collider (LHC) has transformed our understanding of fundamental particles
and forces, notably with the seminal discovery of the Higgs boson in 2012, which completed
the Standard Model (SM) of particle physics. Despite its success, the SM leaves numerous
unanswered questions, motivating a quest for new physics. This thesis explores three main

avenues:

Firstly, it investigates the possibility of an extended Higgs sector or alternative SM extensions,
focusing on heavy ZZ resonances that decay into four leptons. Using a dataset of 139
fb ! from proton-proton collisions at the LHC, this study explores both gluon-gluon fusion
and vector-boson fusion production mechanisms. Although no significant signal for a new
resonance is observed, upper limits on the production cross section of spin-0 or spin-2 particles
are established. These limits provide constraints on specific theoretical models, such as Type-I
and Type-II two-Higgs doublet models for spin-0 resonances, and the Randall-Sundrum
model for spin-2 resonances. Intriguingly, the combined results of ATLAS and CMS for
Run 2 and Run 3 data in the final state of 4 leptons exhibit an excess around 250 GeV, reaching

a significance of 2.4 which is in the region of interest of the multi-lepton anomalies..

In the second part, the analysis extends to heavy boson decays resulting in a final state with
four leptons, specifically focusing on the R boson or the A boson decays into a combination
of the SM Higgs boson and another boson, denoted S, which further decays into dark-matter
candidates. No evidence contradicting SM predictions is found, yielding stringent upper
limits on the production cross-sections of these hypothesised bosons and their branching

ratios at a 95% confidence level.

Lastly, the thesis highlights advancements in Higgs boson studies and new particle discovery
potential in the upcoming High-Luminosity LHC era starting in 2029, emphasising improve-
ments to the ATLAS detector electronics, particularly the integration of a new LED Integrator
Panel within the Prometeo portable readout module system, enabling precise calibration and

monitoring of individual detector components.
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Chapter 1
Introduction

The development of particle accelerators pushed forward the science of particle
physics; this then led to the discovery of new particles that were not included in
the so-called "particle zoo" at that time. A theoretical framework was needed
to describe these particles from an elementary level. A theory soon emerged
that was known as the Standard Model (SM) of particle physics. However, the
history of physics is beyond the aim of this thesis; our knowledge of nature and
the universe advanced from understanding the motion and dynamics of important
objects like planets, stars, and galaxies to a point where today we question what
matter is made up of at the most fundamental level. The SM theorem is the current
description of the fundamental structure of matter and the fundamental forces
that govern all known phenomena. Section 1.2 contains a brief introduction
to the SM as a theoretical background for the work done in this thesis. The
fundamental particles are also discussed; then an introduction to the Lagrangian
eld theory is given in Section 1.4 which is followed by the existence of SM Higgs
boson in Section 1.5. Finally, extensions and alternatives to the SM are brie y
mentioned in Section 1.6.

Akukho Nkwal'iphandel'el'enye,
ephandel'enye yenethole.

E.W.M Mesatywa.



1.1 Fundamental Physics and the Universe

Modern fundamental research in physics sits at the precipice of expanding our understanding
of the cosmos. This unwavering pursuit, driven by humanity's inherent curiosity, has fuelled
our ongoing search to comprehend the composition of the universe and the forces that bind
it. The seeds of physics were sown in this desire to dissect the inherent complexity of
phenomena and unravel the "why" behind their existence. Particle physics, a cornerstone of
this endeavour, delves into the realm of the smallest, most fundamental constituents of nature,
from the interplay of electromagnetism to the enigmatic building blocks of matter. The past
century has witnessed a cascade of breakthroughs in this domain, exempli ed by Ernest
Rutherford's discovery of the atomic nucleudg.[These milestones have paved the way for
increasingly sophisticated theories that govern fundamental particles and their interactions.
Although advancing technology or solving speci ¢ problems may not be the immediate goal
of fundamental research, its long-term in uence on human self-awareness and daily life
has been profound and pervasive. Modern medicine, for instance, relies on the insights of
particle physics which have revolutionised medical imaging and guided cancer treatment
strategies. Similarly, the Internet, in its contemporary form, emerged as an unexpected but
potent consequence of fundamental research conducted at the European Organisation for
Nuclear Research (CERN).

These technological advancements, in turn, catalyse the re nement of existing scienti c
methods, further enriching our understanding of the universe. This cyclical interplay between
fundamental research and technological progress propels humanity's exploration of the
cosmos ever forward, one groundbreaking discovery at a time. To this day, the SM in particle
physics stands as a pivotal theory, elucidating fundamental aspects of the universe's structure.
Conceived in the 1960s, its development was propelled by a series of experimental insights.
In the SM, the uni cation of electromagnetism, strong, and weak nuclear forces is achieved
within the Quantum Field Theory (QFT) framework. This integration e ectively accounts

for both the force mediators, known as bosons, and the constituents of matter, identi ed
as fermions. The SM demonstrates remarkable accuracy in predicting particle interactions
and even anticipating the existence of undiscovered particles. The SM has demonstrated
remarkable predictive power. A cornerstone of this success is the discovery of a massive
particle consistent with the long-sought Higgs boson. Con rmed in 2012 at the world's most
powerful particle accelerator, the Large Hadron Collider (LHC), by independent experiments
ATLAS [2] and CMS B], this particle's mass of approximately 125 GeV aligns remarkably
well with SM predictions. By 2012, the SM had developed into a robust framework that
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showed remarkable consistency with experimental observations. Nevertheless, the SM is
acknowledged as not being a complete theory for describing all aspects of the universe. One
notable limitation is its failure to incorporate Dark Matter (DM), a mysterious component
that, according to cosmological studies, constitutes the majority of the universe's matter.
Furthermore, it lacks a mechanism for gravitational interaction. This gap in the SM, while
highlighting its limitations, does not signi cantly a ect collider experiments, where gravity's

in uence is minimal. Discrepancies arising from the SM's incompleteness suggest the
existence of new physics beyond its current framework. Models aiming to elucidate this
Beyond the Standard Model (BSM) physics are typically constructed in a way that adheres to
SM predictions demonstrably consistent with experimental observations. A popular scenario
involves extending the Higgs boson sector. While various Higgs eld expansion proposals
exist, all introduce an additional neutral boson resembling the SM particle. The Large
Electron-Positron (LEP) experiment previously conducted a comprehensive search for the
SM-like Higgs boson below 125 GeV, implying that any additional boson could be hedyier |
Therefore, the heavy-neutral Higgs boson serves as a prime target in the quest for new physics.

1.1.1 Manuscript Organisation

This dissertation investigates the possible existence of a heavy Higgs boson beyond the
Standard Model (SM), using data collected by the ATLAS detector at the LHC during Run 2
(2015-2018), speci cally focusing on the four-lepton decay channel. This decay mode, known
for its high precision measurements, o ers enhanced sensitivity to detect narrow resonances,
potentially revealing new physics phenomena. Notably, the four-lepton channel played a
crucial role in the groundbreaking discovery of the SM Higgs boson in 2012. Importantly,
the search for a heavier Higgs boson is conducted using a model-independent approach,
avoiding any assumptions about the speci ¢ properties of potential new particles. This
method establishes a broad constraint on the particle production rate, which can be further
interpreted within various reference models. This document aims to concisely present the
key aspects of the author's participation in the ATLAS collaboration. Section 1.2 introduces
the SM and the theories of new potential physics. Subsequently, Chapter 2 discusses the
experimental setup underpinning this research, encompassing a detailed account of the LHC's
design and functioning, as well as an examination of the ATLAS experiment. Furthermore,
Chapter 3 details the author's contributions to the Tile Calorimeter (TileCal) as part of the
High Luminosity Upgrade of the LHC (HL-LHC), with a speci ¢ focus on the implementation

of the LED Integrator panel in the Prometeo system. Chapter 4 delves into the methodologies



used for the reconstruction and identi cation of particles in the ATLAS detector. Furthermore,
Chapter 5 delves into the selection of events and the estimation of the background for the
nal state of 4-leptons, including isolation studies carried out by the author. The search for
an additional Higgs boson is elaborated in Chapter 6, while Chapter 7 expands on this search
by incorporating analyses involving missing transverse momengfii%) or jets, to which

the author contributed. Lastly, Chapter 8 o ers a succinct summary and conclusion of the
research documented in this thesis.

1.2 Phenomenology of the Standard Model

The SM ], [6] stands as the cornerstone of modern particle physics, providing a remarkably
comprehensive framework for understanding the fundamental constituents of the universe and
their interactions. Built during the 80century, it reached its current formulation in the 1970s
through the groundbreaking work of Glashow, Salam, and WeinfFefj.[The predictive
power and explanatory capacity of the SM are well established, with accurate predictions
and successful explanations of a vast array of experimental ndings. At its core, the SM
leverages the framework of quantised Yang-Mills thed§] fo o er a uni ed description

of three fundamental force&:the strong nuclear interaction, the weak nuclear interaction,
and electromagnetism. This uni cation is achieved through a speci ¢ Lagrangian formalism
implemented within QFT. Furthermore, the SM's Lagrangian exhibits gauge invariance, a
crucial property stemming from its underlying symmetry group.

SUB)e SU@)L UQ)y: (1.1)

Units and Conventions

In this thesis, the units for various physical quantities are expressed according to standard
conventions in high-energy physics. Speci cally:

" Transverse momenturpy() is measured in GeV/c.

"~ Mass is expressed in Ged

IGravitational force is measured to be very weak hence it is not included in the SM. It is applicable on the
Planck scale of order & GeV and in the context of the Grand Uni cation Theory [5].
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These units account for the factor of the speed of light (c). Throughout this work, it is
assumed that c is set to 1 (natural units) unless otherwise stated. This convention simpli es
the notation and is common in theoretical and experimental high-energy physics.

1.3 Fundamental SM particles

Elementary particles, considered the fundamental building blocks of matter in physics,
comprise the world around us. From molecules composed of atoms to protons, neutrons,
and electrons, the analysis reveals a hierarchical structure. While electrons constitute the
fundamental level ( lacking composition from other particles), protons and neutrons exhibit

a composite nature, built from additional elementary particles. The SM categorises these
elementary particles into three groups: fermions, gauge bosons, and scalar bosons. The
diversity of elementary particles predicted by the SM arises from various combinations of
unique representations, as depicted in Fig. 1.1.

Fermions

The visible matter around us consists of twelve point-like particles with splsfknown

as fermions. These particles adhere to Fermi-Dirac statistics and obey the Pauli exclusion
principle. Each fermion has a corresponding antiparticle with identical mass but opposite
guantum numbers. Figure 1.1 categorises fermions into two families: quarks and leptons.
Leptons are further classi ed into six " avours" arranged in three generations of increasing
mass, with the lightest and most stable in the rst generation (Fig. 1.1). Each generation
of leptons includes a negatively charged lepton and its associated neutral partner, the
neutrino. The neutrino’'s mass remains unknown, but evidence suggests that neutrinos
change their " avour" during propagation (neutrino oscillation) due to misalignment of
avour and mass eigenstates, con rming nonzero neutrino mass. Similarly to leptons, quarks
exist in six " avours" (Fig. 1.1) divided into three generations of increasing mhE3sLp].
Uniquely among fermions, quarks possess an intrinsic conserved property called the "colour
charge" [L4], enabling their interaction through the strong force mediated by gluons. This
charge comes in three types: red, blue, and green. Consequently, the SM includes 18
guarks and their antiparticle counterparts. Quantum Chromodynamics (QCD) dictates that
colour-charged particles cannot exist as free entities; this phenomenon is known as "color
con nement" [15. Therefore, quarks and gluons are con ned within colourless bound states,



Fig. 1.1 Representation of the 12 fermions (quarks & leptons), their interactions with the
three fundamental forces (strong, EM, weak), and the role of gauge bosons and the Higgs
eld in the model. Taken from Ref. [11].

called hadrons. Three combined quarks form a baryon, while recent observations by the
LHCb experiment suggest the existence of four- and ve-quark states [16 18].

Bosons

Bosons play a crucial role in the SM by acting as messengers of the fundamental forces.
These force carriers come in two varieties: gauge bosons, possessing a spin of 1, and the
Higgs boson, with a spin of 0. Gauge bosons mediate electromagnetic, weak, and strong
interactions. They include the gluon (strong force),\t& andW bosons and thg boson

(weak force), and the photon (electromagnetic force). On the other hand, the Higgs boson
arises from the Higgs boson mechanism, a theoretical framework within the SM that explains
how fundamental particles acquire mass.
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1.4 Mathematical description

Lagrangian eld theories arise from the concept of interactions that are governed by gauge
symmetries. QCD is derived from the symmetry grdsig(3)c and describes quark
interactions, mediated by gluons that carry the colour charge. The Lagrangian QCD is given

by:
Loco= (i D m) %GV GY: (1.2)

The electromagnetic and weak interactions (responsible for processes such as the decay of
neutrons and muons) are uni ed in the electroweak (EW) gauge theory aBdi(2, U(1)y
symmetry group is the underlying symmetry of the EW theory. This gives rise to the following
EW Lagrangian:

Lewk = (iD m) %W" W, %B VBy: (1.3)
Despite the unparalleled success and great deal of predictive power of the SM, there is,
however, a glaring problem with the theory; its massless form is in contradiction with
experimental observationg;andW boson masses (91.2 GeV and 80.4 GeV respectively)
were detected at CERN by the UA1 and UA2 experiments in 1983P]. Furthermore,
fermions have a clear mass as reported in R&§.dnd a consequence of massive gauge
bosons would explicitly violate the gauge symmetry. The riddle of the origin of gauge
boson masses remained questionable until 2012, when the discovery of the Higgs boson was
independently con rmed by ATLASZ] and CMS B] experiments at CERN. The Higgs
boson, which is the last particle of the SM is a manifestation of Spontaneous Symmetry
Breaking (SSB) in the EW sector, delivering mass to oilfeandZ bosons.

To summarise, the SM Lagrangian may be written as the sum of three parts:

Lsvm = Loco + Lewk + Lnu; (1.4)

whereLy describes the Higgs boson section of the Lagrangian which is written as:
Ly =(D (D ) *7 (V)= (1.5)

The following section describes how SSB leads to the prediction of this new particle.



1.5 The Brout-Englert-Higgs Mechanism

This summer | have discovered
something totally useless.

Peter Higgs, 1964

Building upon the initial assertion that all particles were once considered to be massless,
the introduction of mass would apparently violate the local symmetry of the underlying
theory. However, this apparent paradox was resolved by the Brout-Englert-Higgs (BEH)
mechanism, proposed independently by P.W. Higgs, F. Englert, and R. Brout, and by G.S.
Guralnik, C.R. Hagen, and T.W.B. Kibblg4 26]. This mechanism, through spontaneous
symmetry breaking (SSB), reintroduces mass terms i8@(2) invariant form. This is
achieved by adding a complex scalar eld(Higgs eld), to the Lagrangian. Crucially, a
nonzero vacuum expectation valwe() of preserves gauge invariance while spontaneously
breaking the symmetry.

The Higgs eld is represented assJ(2), doublet, expressed as:
! !
* 1 1+

= = — ; 16
o P i (1.6)

with a Lagrangian of:
L L Higgs — ( D )y(D ) V( ): (1-7)

The general potential/ ( ), which describes the evolution of is depicted in Fig. 1.2 and
depends on the parameterand 2. Itis constrained by the requirement®(2),  U(1)y
symmetry and renormalizability, leading to the chosen form:

V()= 29 + (Y)? with > O (1.8)

The existence of a minimum is crucial for the eld to have a ground state, which requires a
positive . However, there are two potential forms depending on the choicé.oA positive
2 places the ground state in the centre of the potential (eimponents equal 0), leading to
a unique stable minimum. On the contrary, a negatf/gesults in an unstable ground state at
=0, prompting the eld to move towards the minimum as shown in Fig. 1.2. Notably, the
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Fig. 1.2 Lagrangian potential: top without symmetry breaking case 0¥ 0; bottom
symmetry breaking for case fof < 0. The bottom left indicates that the minimum potential
is noth i= 0, the bottom left shows the minimum potential breaking the symmetry. Figure
reproduced using Ref. [27]

symmetry can be spontaneously broken by choosing one of the in nitely degenerate ground
states lying on a hypersphere de ned by:

ji’= ' (1.9)

: : : , . P——
illustrated in the lower right part of Fig. 1.2. Tiwevis denoted as = 2= ,and a
speci ¢ minimum is chosen as:

hi=p= 0 : (1.10)
2 Vv

This corresponds toz = v, and all other components are equal to 0. This spontaneous
symmetry breaking of the Higgs eld gives rise to four independent scalar elds, analogous
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to Goldstone's theoren?B], where continuous symmetry breaking produces a massless
scalar (Goldstone boson). In the SM, three of the scalar elds generate mass terms for the
three weak gauge bosons, whereas the fourth one gives rise to a Higgs boson. This Higgs
boson is electrically neutral, has even charge parity (CP), and is a scalar boson (which means
it has spin-0). It will be referred to throughout the remainder of this work as the SM Higgs
boson. Expanding the eld in the radial direction with the parameterisation of Equation 1.10

generates: I

— 1 O .
P35 H(x) (1.11)

whereH (x) is a massive scalar boson, known as the Higgs eld. Inserting equation 1.10 will
produce the Higgs boson with the following mass:

my = b3 =P (1.12)

The couplings between th& andZ bosons and the Higgs eld lead to the generation of
terms corresponding to the following masses:

1
My = Egv; (1.13)
and
My
= : 1.14
Mz COSw ( )

together with the variables that explain the interactions between the Higgs boson and the
gauge bosons. Fermion massgsare also generated through the Higgs boson mechanism,
known as Yukawa couplingsand are given by:

\'
ms = fp—é: (115)

Here, ¢ represents the Yukawa coupling constant speci c to a particular fermion "f". This
constant dictates the strength of the interaction between that fermion and the Higgs eld,
ultimately in uencing the fermion's mass. In simpler terms, a stronger Yukawa coupling
(higher ¢ ) signi es a more signi cant interaction with the Higgs eld, resulting in a heavier
fermion. The Fermi constai@r is calculated exactly in muon decay&d[ and can be linked

to the vacuum expectation value (VEV) through:

V= (p 2Gg) 2 =246 GeV: (1.16)
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Fig. 1.3 Higgs boson production cross sectiopfrcollisions as a function of the center-of-
mass energy. Taken from Ref. [29]

The Higgs boson mechanism contributes to the completion of the SM Lagrangian, and, as
seen in the latter equations, the Higgs boson is an adjustable parameter in the SM. Its precise
measurement is crucial because its mass determines the production cross sections and decay
branching ratios of the Higgs boson.

1.5.1 Exploring the Properties of the Higgs Boson

Extensive e orts have been devoted to the detection of the Higgs boson at various accelerator
facilities,2but direct identi cation remained elusive. As a result, the LHC was constructed,
which will be discussed in Chapter 2, primarily to test the predictions of the SM and explore
the phenomena Beyond the SM (BSM). Following indirect searches at TeVatron and LEP,

ZThese include the Stanford Linear Collider (SL@P|[at SLAC, the Large Electron-Positron Collider
(LEP) [31] at CERN, and the TeVatron [32] at Fermilab.
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the LHC, during its rst run, accumulated su cient luminosity to observe a particle, as
elaborated in Section 1.4, consistent with the SM Higgs boson, which has a nmgs-of
125.09 0.21(stat) 0.11(syst.) GeV33|. Figure 1.3 provides a visual representation of
the various mechanisms through which the Higgs boson can be produced in proton-proton
(pp) collisions.

1.5.2 Experimental Limits from LEP

The Large Electron-Positron Collider at CERN was instrumental in setting stringent limits on
the Higgs boson mass prior to the operation of the LHC. During the course of its operation,
the four LEP collaborations, ALEPH, DELPHI, L3, and OPAL, collected a total of 2461 pb

of e e collision data at center-of-mass energies ranging from 189 to 209 GeV. These data
were meticulously analysed to search for the SM Higgs boson. The combined analysis from
the four LEP experiments tested two hypotheses: the background hypothesis and the signal
plus background hypothesis. This rigorous statistical examination led to the establishment of
a lower bound on the Higgs boson mass at the 95% con dence level. The results did not show
a signi cant excess over the background expectation, setting a lower limit of 114.4%GeV/c
for the Higgs boson mass [34].

In particular, at a Higgs boson mass of 115 Géy4m excess was observed by the ALEPH
experiment that was consistent with Higgs boson production. However, the con dence level
indicating consistency with the background hypothesis was 0.09, while the con dence level
indicating consistency with the signal plus background hypothesis was 0.15. The LEP results
signi cantly in uenced subsequent Higgs boson search strategies, particularly at the LHC,
by de ning the mass range that needed to be explored. These results also set upper bounds
on theHZZ coupling for various hypothetical Higgs boson masses and decay properties,
thereby narrowing down the parameters for future searches. The comprehensive data and
advanced analytical techniques developed during the LEP experiment extended the sensitive
range of the Higgs boson searches beyond initial expectations, laying a robust foundation for
the eventual discovery at the LHC.

Higgs Boson Production Mechanisms

The Large Hadron Collider (LHC) collided protons at center-of-mass energies ranging from
P s=7 TeVto 8 TeV during Run 1 (2010-2013) andpaé =13 TeV during Run 2 (2015-2018).
During Run 2, approximately 8 million Higgs bosons were produ@&{l [This translates
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(a) The gluon-gluon fusion mechanism ggF. (b) Vector boson fusiol BF .
(c) Associated production with\& or (d) Associated production with
Z bosonV H. the top quark paittH .

Fig. 1.4 Feynman diagrams for the four main production modes of the Higgs boson at the
LHC, created by the author.

to a remarkable production rate of roughly one Higgs boson every two seconds. Among
the various production mechanisms, the dominant Higgs boson production mechanism
is the gluon-gluon fusion (ggF), which contributes to roughly 87% of the Higgs boson
production. As depicted in Fig. 1.4a, gluons, being massless, do not directly couple to
the Higgs boson. Instead, the interaction occurs through quark loops, with the top quark’s
contribution dominating due to its signi cantly stronger coupling. As shown in Fig. 1.3, the
predicted ggF cross-sections reach approximately 50 Bkﬁat 13 TeV, indicated by the

blue curve. Following the ggF in signi cance is vector boson fusion (VBF), responsible for
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6.9% of the LHC Higgs boson production. This process, illustrated in Fig. 1.4b, involves
two incoming quarks that emit oppositely chargddoosons oZ bosons that subsequently

fuse via a t-channel to create the Higgs boson. A de ning characteristic of VBF production

is the presence of two highly energetic jets emerging in the forward direction. These jets,
characterised by large pseudorapidity and invariant mass, serve as prominent indicators of
this production mode. The corresponding VBF cross sections exhibit a range from 1 pb to
3.8 pb, which increases g$_ goes from 7 TeV to 13 TeV.

The third most dominant production mechanism is associated production with vector bosons,
closely resembling the primary Higgs boson production mode at LEP. Here, an o -shell
vector boson, produced from the annihilation of a quark-antiquark pair, emits the Higgs boson
to transition to an on-shell state. This process, termed Higgsstrahlung, results in a nal state
containing the Higgs boson alongside an on-shell vector boson, as depicted in Fig. 1.4c.
Although contributing less frequently (around 2.6%WH and 1.7% foiZH ), thebb Higgs

boson decay channel in this mode o ers valuable separation from background processes. The
corresponding cross-sections range from 0.4 pb to 1.5 Bkﬁaﬁ TeV to 13 TeV. Finally,
associated production with top or bottom quarks, illustrated in Fig. 1.4d, represents the least
frequent production mechanism, occurring at a rate of roughly 0.9%. This process involves
the emission of a Higgs boson alongside a top or bottom quark pair, initiated by gluons or
other quarks. Atthe LHCQtH andbbH production cross-sections range from 0.13 pb to
0.5pb atp s=7TeVto 13 TeV.

1.6 The Multi-lepton Anomalies

Although the discovery of the Higgs boson has 'capped' the SMin its long string of successes
in describing physical phenomena, several puzzling phenomena exist that cannot be explained
within the framework of the SM. Many theoretical arguments for the existence of BSM
physics arise because the SM, for example, cannot account for the observations of DM
established at cosmological scales, nor for the non-vanishing neutrino masses required by
neutrino oscillations, since in the SM neutrinos are necessarily massless. Therefore, the
incompleteness of the SM has led the particle physics community to search for a plethora of
BSM physics models. Recent studies of growing excessggdollisions at the LHC 36]

suggest that introducing additional scalar bosons to the SM could explain several anomalies
observed in LHC data. Of particular interest here is the BSM scenario considered in
Refs. B7 45]. In this scenario, additional scalas, S, andS° are introduced within an
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e ective model, with the aim of explaining several Run 1 data anomalies. Speci cally, the
model allowsH to decay intdSh, SS, andhh. The performance of the model against the
ATLAS and CMS data sets is discussed in detail in R&f].[ This model suggests production

and decay modes of these scalars that could have signi cant signals at the LHC, which could
be tested with newer and statistically more precise datasets.

1.6.1 Description of the Theoretical Model

The hypothesis was formulated to address the shortcomings of the SM in explaining certain
observed phenomena. This model introduces a new heavy scalar blaseith a mass of
approximately 270 GeV. The scaldris hypothesised to decay into pairs of lighter scalars,
speci cally S andS® and the SM Higgs bosoh, The scalasS is proposed to decay into
vector bosons, predominanty *W , ZZ, and possiblyhh pairs, which subsequently
decay into leptons or jets. The motivation for introducing these additional scalars includes
explaining anomalies such as non-resonant opposite-sign dilepton events and the excess
of events involvingo-jets. The scala® has a proposed mass around 150 GeV and decays
primarily intoW*W pairs, leading to leptonic nal states € e; ). This decay chain can
explain observed non-resonant opposite-sign dilepton events with or without accompanying
b-jets [40]. The scalaiS° on the other hand, is proposed to have a mass of approximately
95 GeV and decays intdo, accounting for the observed excesses invoNHefs [46].

This model incorporates several free parameters, including the masses and coupling strengths
of the scalar$d, S, andS® Speci cally, the model introduces a single parame@rwhich

is the scale factor for the production cross section of the heavy ddalihe mass oH is
determined to beny = 272" GeV. The interactions dfl with the top quarkt) and the

heavy vector boson$\( andZ) are controlled by free parameters; for theH t t
interaction and y fortheH V V interaction. The model assumes a small coupling of

H to pairs of weak vector bosons( = 0), focusing on the dominant production mode via
ggF. Other production modes include single top (tH) and double top associated production
(ttH). The decay model ! Shis given a 100% branching ratio in the model, wahurther
decaying into vector bosons or the SM Higgs boson. The degrees of freedom are constrained
by tting the model to experimental data from the LHC, particularly the ATLAS and CMS
collaborations. The statistical likelihood functitu gj ) is constructed to account for the
systematic uncertainties and variations in the measurements. The best- t valéésof
determined by minimising the likelihood function, providing a exible framework to explain

the observed multi-lepton anomalies.
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Final state Characteristics SM backgrounds | Signi cance
T +(b  jety m- < 100 GeV tt; Wt >5
[42],[471,[48] (1b, 2b)
T+ nojet m~ < 100 GeV W*W 3
[40],[49]
© ;3 +(b-jety ModerateH 1 ttw; tttt > 3
[50],[51],[52]
© "*:3(nob-jed | Inassociation withh | W h(125);, WW; W Z "4
[44],[53],[54]
Z(' 7):(nob-je) p? < 100GeV ZW > 3
[42],[55]

Table 1.1 Multi-lepton anomalies. Taken from Ref. [56].

1.6.2 Multi-lepton Anomalies Observed at the LHC

Recent LHC data have revealed several anomalies involving multilepton nal states. Table 1.1
summarises the observed multilepton excesses and their characteristics.

These anomalies are compatible with the direct production of a ddafarass 270GeV)
decaying dominantly into pairs of lighter scal&sA subset of these anomalies involves
non-resonant, opposite-sign, di erent- avour dileptons (with or withbygts), suggesting
thatS decays intoN*W | "*° where’ = e; , potentially indicating a mass of 150

5 GeV M0]. Ref. [57] suggests that the sidebands of the SM Higgs boson analyses in
ATLAS [58] and CMS B9] have an excess at a narrow scalar resonance (masd GeV)
produced in association with leptons ampets. Furthermore, CMS has reported potential
excesses for a new neutral sca®with a mass of 95 GeV [46]. It should be noted
that some of these anomalies are accompanieljbis, which could be consistent with
theS°! bbdecay channel. Although previous ATLAS analysé§ did not rule out this
potential signal, the latest result]] indicates a weaker limit than expected. In particular,
a previous LEP measurement suggests | zZ() 1 S%Z withz ! bb[34], and CMS
found a possible excess of resonamair production at a similar mass [62].

1.6.3 Low Mass Range (95 GeV)

Incorporating recent ATLAS and CMS analyses published after 2021, a combined analysis
was performed. This combined analysis produced a signi cantly stronger signal: assuming
a simpli ed model with ve degrees of freedom (DOF), a value of approximatelyas

found forms around 152 GeV. Furthermore, combining excesses for the existence of a scalar
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Fig. 1.5 Thep-value dependence on the hypothesig€dass in low-mass search channels.
Taken from Ref. [63].

particle,S° with a mass of approximately 95 GeV, a preference of 3v@s observed over
the hypothesis of the SM. This nding opens the possibility of a decay clhih, SS°,
which could explain the observed multilepton anomalies. In this scenario, the decaysof the
particle would be the source of leptons, while 8fiparticle would be responsible for the
b-quarks. Finally, the absence of a signal for the decay prdgeéssZZ ! 4 suggests
that theS particle might be the neutral component of&(2) triplet [64 67], as previously
motivated by the averag®/ mass measurement [68 70].

1.6.4 High Mass Range (152 GeV)

Section 1.6 introduces a simpli ed model featuring a scalar bosbdfrectly produced

by ggF. The model assigns tlie boson a mass of 270 GeV. This choice aligns with the
motivation drawn from multilepton anomalies. The model includes the dechly iofo

two lighter scalars, one of which is o -shell (denot&S$ ). An assumption of SM-like
properties was made f&, implying that its branching ratios mirror those of a hypothetical
SM Higgs boson with the same mag&9,[71]. Initially, an additional branching ratio to
invisible nal states was incorporated, resulting in a two-DOF combination. Focusing solely
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Fig. 1.6 Thep-values for individual high-mass search channels and their combined analysis,
presented with and without the signal. Taken from Ref. [63].

on the on-shel§ inthe andZ channels, data up to 2021 were combined, leading to the
blue line in Fig. 1.6. This curve corresponds to a global signi cance pedk/ofat 152 GeV.

The trial factor, which accounts for the variation in signal resolutions and the mass range
(140-155 GeV), adjusted this down to 3.8Subsequently, this result was combined with the
results of the second 152 GeV combination. Independent of the analysis above, a separate
search for narrow resonances within the sidebands of the SM Higgs boson investigations
revealed a potential excess for al51GeV scalar 7). Integrating recent ATLAS and CMS

data released after 2021 into this combination further strengthened the evidence. Assuming
a simplied ve-DOF model, a signi cance of 5 was achieved foms 152 GeV.
Furthermore, the excesses for the existence of3b GeV scalarS® were pooled, which
produced a preference for the new scenario over the SM hypothesis at a 18&:I.of his

opens the door to a potential decay chain whereansitions taS S°, providing an explanation

for multilepton anomalies.



Chapter 2
Experimental Setup

This chapter concisely outlines the key characteristics of the LHC accelerator
and the ATLAS detector. It focuses on analyses derived from data collected
during the data acquisition phases 2015-2018. From 10 December 2018 to 5
July 2022, the LHC was o ine for extensive updates, enhancing its ability to
handle collisions at energies up to 13.6 TeV with a maximum data intake of
300 fb 1. Subsequent developments anticipate a tenfold increase in the LHC's
interaction rate, attributed to the forthcoming HL-LHC upgrade. The contents
of this chapter are organised as follows, as noted below: Section 2.1 details the
LHC's principal features and operational history until 2018. Section 2.3 presents
a detailed examination of the ATLAS experiment, including its subdetectors, and
Section 2.6 focuses on the role of the TileCal in ATLAS.

Imbovane iyalithwala inyiki.

E.W.M Mesatywa.

2.1 CERNandLHC

The research documented in this thesis was conducted at AERN:mMinent European
particle physics research facility established in 1954. Situated on the Franco-Swiss border
near Geneva, CERN's workforce exceeds 17,000, with a signi cant portion, over 13,000,

1Originally an acronym for "Conseil Européen pour la Recherche Nucléaire, CERN now stands as an

independent designation for the European Organisation for Nuclear Research, or “Organisation Européenne
pour la Recherche Nucléaire' in French.
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being researchers in particle physics. This entity epitomises international collaboration,
hosting sta from more than 110 nationalities. These professionals are representatives of
their home institutions from more than 70 countries around the world or are among the
approximate 5% directly employed by CERRP]. At CERN, researchers are engaged in
delving into the fundamental constituents of matter, using the world's largest and most potent
particle accelerator, the LHC. Constructed at CERN, near Geneva, the LHC is a dual-ring
superconducting hadron accelerator and collider, which occupies the tunnel previously used
by the LEP Experiment/3]. This 26.7 km tunnel, crossing the Franco-Swiss border, varies

in depth from 50 m near Lac Leman to 175 m beneath the Jura Mountains. LEP's limitations,
primarily due to synchrotron radiation capping its maximum energy at 209 GeV, led to
the conception of a more powerful collider. The idea for the LHC was rst formalised in
Lausanne, Switzerland, in March 198#4], a collaborative e ort spearheaded by CERN
and the European Committee for Future Accelerators (ECFA). The endorsement by the
CERN Council in December 1994 marked the beginning of LEP's decommissioning in 2000,
paving the way for the construction of the LHC, which was completed in 2088 [The

LHC was engineered fgp collisions at CM energies reaching up to 14 TeV and heavy ion
(lead-lead) collisions peaking at 5.5 TeV per nucleon. Figure 2.1 shows a schematic layout of
the accelerator complex.

In Fig. 2.2, the geometric structure of the LHC is depicted, illustrating that its design deviates
from a true circular shape. This deviation consists of a con guration of eight arcs coupled
with eight straight sections, each extending 528 m, known as insertions. Within these arcs,
the LHC's intricate magnetic system is primarily housed, comprising 9593 superconducting
magnets. Central to this system are the 1232 main dipole magnets, critical for directing
the proton beams. These magnets are capable of producing a magnetic eld approximately
8.3 T in strength, a magnitude that exceeds the Earth's magnetic eld by a factor of 10,000.
To achieve such a feat, conventional electromagnets are insu cient; hence, an alloy of
Niobium-Titanium (NbTi) is employed. To operationalise these magnets, they are cooled to
an ultra-low temperature of 1.9 K using super uid helium-4. This cooling method enables
the magnets to conduct an impressive current of 11,700 A. Complementing the main dipole
magnets are other magnetic components with higher multipole orders, such as quadrupoles
and sextupoles, as mentioned in R&B][ These components are instrumental in focusing the
beams and rectifying various beam-related anomalies. Further details on the design details of
the LHC's primary dipole magnet are visually represented in Fig. 2.3.
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Fig. 2.1 The overall layout of the CERN accelerator complex as of summer 2022. Figure
taken from Refs. [76].

The LHC injects beams of protons for collision experiments through a multi-stage acceleration
process. This journey begins with the extraction of protons from a source of gaseous hydrogen.
A specialised ion source strips electrons, creating a beam of bare protons. These protons
are initially accelerated in the 30 m long LINAC2 to an energy of 50 MeV. The Proton
Synchrotron Booster (PSB), a 160-meter circular accelerator, further boosts their energy to
1.4 GeV. The next stage involves the Proton Synchrotron (PS), a larger synchrotron with a
628-meter circumference. Here, protons reach an energy of 25 GeV before injection into the
nal accelerator, the Super Proton Synchrotron (SPS). This 6.9-km ring accelerates them
to 450 GeV, the injection energy for the LHC. The LHC operates with counter-rotating
beams, requiring separate injection points for each direction. Due to limitations in the
preceding accelerators, multiple injections are needed to Il the LHC. Protons then circulate
at 450 GeV until achieving stable beam conditions, a process taking approximately two
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Fig. 2.2 Schematic layout of the LHC, highlighting the two counter-rotating proton beams
within the machine's eight arc sections and eight straight sections. Figure taken from
Refs. [77].

hours for collisions at 6.5 TeV. Once the LHC is su ciently lled, the proton acceleration
process begins, driven by eight superconducting radio frequency (RF) cavities located in
each beam path. Acceleration is achieved by incrementally increasing the frequency of RF
oscillations. However, the maximum energy attainable within the LHC is bound by the
tunnel's circumference and current technological capabilities. The protons within the LHC
do not form a continuous stream, but are organised into discrete units known as bunches,
each containing ovel0'! protons. These bunches are accelerated at regular intervals by an
accelerating electromagnetic eld generated in the RF cavities. The cavities oscillate at a
frequency of 400.8 MHz, and given the LHC's circumference, there are approximately 35640
potential slots, termed "RF buckets". Not every bucket is lled with particles; typically, only
every tenth bucket contains a bunch, resulting in a minimum inter-bunch interval of 25 ns,
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Fig. 2.3 Cutaway view of a Large Hadron Collider (LHC) dipole bending magnet, highlighting
key components [79] from Refs. [77].

equivalent to a bunch length of 7 m. Under nominal conditions, the LHC beams consist of
2808 proton bunches, spaced 25 ns apart.

At the time of writing, the beams were brought into collision in four interaction regions, where
the experiment2were located, as shown in Fig. 2.1. The LHC experiments encompass a
suite of detectors designed to explore diverse physics phenomena. ATLAS (A Toroidal LHC
ApparatuS) 0] and CMS (Compact Muon Solenoid}]] detectors, classi ed as general
purpose, are optimised for a broad spectrum of investigations. These include high-precision
measurements of SM patrticles, the Higgs boson, and top quarks, alongside searches for
new physics beyond the SM, such as supersymmetry or exotic states. Specialised detectors
targeting speci c physics goals complement these general-purpose experiments. The LHCb

ZThroughout this thesis, the terms "detector” and "experiment” will be used interchangeably. This re ects
the established nature of the research, where the detectors function as a synecdoche, representing the extensive
collaboration of physicists, engineers, and other personnel who have contributed to their development and
operation for many years.
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(LHC beauty) detectord2], with its asymmetric design, concentrates on studying rare decays
of beauty particles and the composition of matter and antimatter in the universe. ALICE
(A Large lon Collider Experiment)d2], another specialised detector, utilises heavy-ion
collisions to recreate conditions similar to the early universe, enabling the exploration of
quark-gluon plasma. In addition, three smaller detectors installed at the LHC focus on targeted
measurements. TOTEM (TOtal, elastic and di ractive cross-section measurent&iis) [
positioned near the CMS detector, and LHCf (LHC forwag]| situated further along the
beamline on both sides of ATLAS, concentrate solely on protons that experience minimal
de ection during collisions. Finally, MOEDAL (Monopole and Exotics Detector at the
LHC) [84], located near LHCb, aims to detect hypothetical particles such as magnetic
monopoles and highly ionising stable particles. This thesis will delve speci cally into the
ATLAS experiment, as detailed in Section 2.3.

2.2 The concept of Luminosity

The primary objective of the particle accelerator is to facilitate collisions at an optimal rate,
with the aim of achieving the highest attainable CM energy. The collision-induced event
frequency per second can be quanti ed as:

Nevents = L events s (2-1)

where ¢ents represents the event cross-section, lardkenotes the accelerator's luminosity.
It is noteworthy that luminosity is directly in uenced by the beam's parameters, as expressed

in the following equation:

L=l ne fr 2.2)

total

In the context of the LHC, luminosity determination involves assessing several factors: the
average number of inelastic collisions per bunch croskimngas visualised in Fig. 2.4, the
frequency of bunch crossings per time unit, representat, byf ., and the aggregate inelastic
cross-section foppcollisions 5 - This calculation integrates all relevant processes outlined
in the Feynman diagrams.
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Fig. 2.4 Total integrated luminosity delivered to ATLAS is illustrated in green, while the
portion recorded by ATLAS is represented in yellow. The luminosity certi ed for physics
analysis is denoted in blue for the years 2015 to 2018. Taken from [85].

2.3 The ATLAS detector

Accelerator-based investigations have signi cantly advanced our understanding of the minutiae
of matter; yet, they represent just one facet of the complex realm of high-energy physics.
Equally crucial is the role of sophisticated particle detectors, which are essential for interpreting
high-energy collision events. These detectors, consisting of multiple components, are adept
at measuring various event characteristics, leading to the identi cation and analysis of various
particles and their decay products. For instance, segments of a contemporary detector are
tailored to assess particle energies and momenta, while also di erentiating among particle
types. This integrated approach facilitates the reconstruction of collision events, allowing
the isolation of individual particles for a detailed examination. Among these versatile
experimental setups, ATLAS, as highlighted in Fig. 2.5, is strategically positioned at one of
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Fig. 2.5 ATLAS detector diagram showing the di erent subdetector systems and four people
to demonstrate the size. Taken from Ref [86].

the LHC interaction points. As detailed in ReB(], ATLAS stands as the most voluminous
detector ever constructed for particle collider experiments, boasting cylindrical dimensions of
46 m in length, 25 m in diameter, and a mass of 7000 tonnes. Primarily used pp,tpBth

P bP b and other collisions with hadrons, this thesis concentrates exclusivgly cwilision
analysis. The ATLAS detector comprises three principal sections, each of which is tasked
with detecting speci ¢ aspects of collision events. The rationale for this modular design
lies in the need for each section to measure di erent particle properties. These components
are arranged sequentially, ensuring that the particles traverse each layer. The presence of a
particle becomes evident either through measurable interaction with the detector or via decay
into detectable particles. The ATLAS detector, as detailed in Fig. 2.6, is structured into three
primary segments: the Inner Detector (ID) closest to the collision point, followed by the
calorimeter, and nally the outermost Muon Spectrometer (MS). Subsequent subsections
will dive into these components individually, beginning with an introduction to the detector's
coordinate system.
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Fig. 2.6 A transverse section of the ATLAS detector showing the three main sub-systems: the
calorimeter, the tracker and the muon spectrometer. The paths and interactions of di erent
particles with the detector are shown. Figure taken from [87].

2.3.1 Layout and coordinate system

In the context of the ATLAS experiment, a right-handed Cartesian coordinate framework
is used consistently. At the particle collision point, which is also the central point of this
system, the Z-axis is aligned along the beam pipe. The plane de ned by the X and Y axes,
orthogonal to the beam, is known as the transverse plane. In this context, the terms "transverse
momentum™ and "transverse energy" are introduced, represenpedaasiE 1, respectively.

This transverse plane is also describable by cylindrical coordinates, which encampass
parameters. In this setup, the azimuthal angle of the X-axiscumnavigates the beam pipe

and the beam width is determined by the radial coordinaféhe polar angle, originating

in the positive direction of the Z axis, is another critical measure. Consequently, transverse
momentum and energy are mathematically expressed asp sin andEt = E sin .
Pseudo-rapidity, denoted asis another important parameter used in the analysis of particle
collisions. Itis de ned as:

= In(tan( =2)) (2.3)
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Fig. 2.7 De nition of pseudorapidity () and the scheme of polar)(and azimuthal () angles.
The polar angle is shown for various pseudorapidity values, and the azimuthal angle
de ned as the angle around the beam axis, perpendicular to the polar angle plane.

This measure is particularly useful because di erences in pseudorapidity are invariant
under Lorentz boosts along the beam axis. Figure 2.7 illustrates the relationship between
pseudo-rapidity, the polar angleand the azimuthal angle

In the de ned space, the angular separation between entities, denotedRass
calculated using the formula 2+ 2. Given the predominant momentum in the Z
direction due to colliding beamp; becomes a constrained parameter and hence a critical
parameter for analysis. Notations suchEas pr, andmy frequently signify quantities
measured within this transverse plane.

2.3.2 Inner Detector

Within a 2-Tesla magnetic eld, the ID, depicted in Fig. 2.8, plays a crucial role in meticulously
reconstructing the trajectories of charged particles. It boasts complete azimuthal coverage
and extends up to an absolute pseudorapidity of 2.5. The ID comprises three subdetectors: a
pixel detector, a silicon strip tracker (SCT), and a transition radiation tracker (TRT). The pixel
detector excels at measuring the three-dimensional spatial coordinates (X, y, z) of charged
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