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Abstract

The Standard Model of particle physics predicts the existence of the trilinear Higgs self
coupling vertex. This can be studied through the Higgs boson pair production process,
which is yet to be observed. The primary focus of this analysis is to optimise High Level
Triggers (HLT) at Atlas, for the Higgs boson pair production channel, with bb [, |
final states. The specific goal is to improve signal acceptance and background rejection
in the trigger chains relevant for the study of the HH ¥ bb =, |4 channel. The trigger
selection criteria for two dilerknt di- chains and the b+ chain have been fine-tuned
to increase signal selection e [ciehcy while maintaining or, in some cases, decreasing

background rates.

Keywords: HDBS, Higgs boson pair production, Trilinear Higgs self-coupling, bbtautau,
HLT, Trigger emulation, Trigger optimisation, Atlas detector, Lhc Run-3.
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Chapter 1

Introduction

Not non-existent, nor existent then, there was no realm of air, no sky beyond it. What covered in, and
where, and what protected? At rst there was only darkness wrapped in darkness. All this was only
unillumined cosmic water. That One which came to be, enclosed in nothing, arose at last, born of the
power of heat.

But, after all, who knows, and who can say whence it all came, and how creation happened? The gods
themselves are later than creation, so who knows truly whence it has arisen? Whence all creation had its
origin, the creator, whether he fashioned it or whether he did not, the creator, who surveys it all from
highest heaven, he knows - or maybe even he does not know.

- Rigveda (Nasadya Sikta, 10:129) dated to 1500 BCE

Over millennia, humanity's relentless curiosity about the origins of existence has echoed
through cultures and civilisations. This intense curiosity has inspired scienti ¢ investi-
gation, leading to groundbreaking discoveries that uncover the fundamental structure of
reality. One such notable discovery was that of the electron [1], which unveiled the intri-
cate substructure within atoms, leading to the development of quantum mechanics and
its o spring, such as quantum eld theory (QFT). Employing the principles of QFT, the
Standard Model (SM) [2 4], a cornerstone of modern physics, encapsulates our knowledge
of elementary particles and the fundamental forces that govern them. While it excels at
making accurate predictions, this model is not without its imperfections, as it does not
o er an explanation for perplexing mysteries such as dark matter [5], dark energy [6],
and the observed matter-antimatter imbalance in the universe [7].

The SM received a signi cant update with the momentous discovery of the Higgs bo-
son in 2012, a milestone in the eld of particle physics. This breakthrough con rmed
the existence of this elusive boson [8, 9], which plays a crucial role in imparting mass
to fundamental particles [10 12]. After this groundbreaking achievement, the scienti c
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1. Introduction

community embarked on a quest to unravel the intrinsic properties and intricate interac-
tions of this enigmatic particle. One particularly captivating avenue of exploration is the
investigation of Higgs-boson pair production. This opens up an interesting way to probe
the physics of Higgs boson self-coupling, shedding light on the mechanism responsible for
electroweak symmetry breaking (EWSB) [10 12]. Among the di erent possibilities for
pairs of Higgs bosons to decay, the HH bb *  channel plays a signi cant role. This
decay mode combines the two most prevalent Higgs boson decay channels, involving the
tband *  nal states.

The theory of Higgs and EWSB cannot be validated without the means to experimentally
test it. The Large Hadron Collider (Lhc ) [13], a high energy proton-proton collider setup
has been established for precisely this purpose. Thel#s detector, has been carefully
constructed to determine the properties of particles generated during high-energy proton-
proton collisions at Lhc [14]. By making use of the exhaustive datasets generated by these
high-energy collisions, the #las collaboration strives to extract invaluable revelations
regarding the Higgs boson pair production and the underlying mechanisms governing the
fundamental fabric of the universe [15 18].

Successful detection and precise measurements of these exceedingly rare processes in harsh
environments, such as those of thethas detector, require the use of highly sophisti-
cated trigger strategies. The hc is capable of operating at an unprecedented centre of
mass energy( s) of 13.6 TeV with approximately billions of collisions per second, pro-
ducing heaps of data that must be processed in real time. For this purpose, thélas
experiment relies upon a two-tiered triggering system to discriminate and select events

of scienti c interest from the relentless torrent of data [19].

This thesis discusses the optimisation of various trigger chains employed in thélas
search for Higgs boson pair production within the HH bb ., .4 channel. Dierent
trigger chains with a wide range of trigger con gurations were emulated and analysed
using Monte Carlo (MC) simulations and Enhanced Bias (EB) datasets, using diverse
data analysis techniques, aimed at determining the optimal trigger strategy. In the end,
the event selection e ciency is enhanced while simultaneously curbing background rates.
By increasing the trigger e ciency, this research aims to contribute to the pursuit of
a more profound understanding of the Higgs potential and the nature of electroweak
symmetry breaking.



Chapter 2

Theory and Phenomenology

This chapter provides a concise overview of the history of particle physics, with a primary
focus on the Standard Model (SM). It explores the underlying symmetries of the SM
and introduces the concept of electroweak symmetry and the Higgs eld in subsequent
sections. Furthermore, the discussion will move towards the properties of the Higgs boson,
with a speci ¢ focus on its trilinear self-coupling, as this is crucial for understanding the
context of this thesis.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics represents a comprehensive theoretical frame-
work that has evolved over the course of more than a century of scienti ¢ inquiry and
experimentation. It stands as the most precise theoretical model available for describ-
ing the fundamental constituents of matter and its associated interactions, and has been
extensively tested and con rmed through experiments at various energy scales [20, 21].

The journey to the SM began with the discovery of the electron in 1897 [1], and subsequent
breakthroughs, such as Einstein's theory of quantised electromagnetic radiation [22] and
the emergence of Quantum Mechanics in the 1920s. Key developments included the
discovery of the proton [23], the prediction and con rmation of antimatter [24], and
Fermi's description of beta decay [25], laying the foundation for the theory of weak
interactions. This was a crucial step in describing particle creation, annihilation, and
decays within the Quantum Field Theory (QFT) framework. However, early QFTs faced
challenges related to divergences in perturbative corrections. It was only in 1949 that
the method of renormalisation was introduced, leading to the establishment of Quantum
Electrodynamics (QED) [26].

The late 1950s witnessed a surge of discoveries of composite particles, and the concept
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2. Theory and Phenomenology

Figure 2.1: Fundamental particles of the standard model of particle physics. Adapted
from graphic by © Carsten Burgard, CC BY 2.5.

of quarks was proposed by Gell-Mann [27]. They eventually were experimentally veri ed
by the e-p scattering experiments at the Stanford Linear Accelerator Centre (SLAC)
in 1968 [28]. To explain the strong interaction that exists among quarks, Quantum
Chromodynamics (QCD) was developed, providing an explanation for this force as being
mediated by gluons.

In 1983, a signi cant milestone was reached in€&@n when theW and Z bosons, which
serve as carriers of the weak force, were successfully discovered and their existence was
con rmed [29, 30]. This momentous achievement provided crucial experimental support
for the predictions of the electroweak theory, further con rming the foundational princi-

ples of the SM. The last piece of the SM puzzle fell into place in 2012 with the momentous
discovery of the Higgs boson [8, 9]. These milestones transformed the SM into the com-
prehensive model it is today. The constituents of the Standard Model of particle physics
are shown in Figure 2.1.

The fermionic part of the SM consists of quarks that interact through electromagnetic,
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weak, and strong forces, and leptons which interact through weak and electromagnetic
forces. The left-chiral quarks and leptons form &U(2) doublet of the weak interaction,
such asu andd, or ¢ ande. Fermions in the rst generation are supposed to form almost
all materials in the universe, since stable atoms or nuclei are composed of them.

The SM is expressed mathematically as a gauge QFT featuring global Poincaré symmetry,
alongside locaBU(3)c SU(2). U(1)y gauge symmetry, which accounts for the various
types of interactions and gives rise to bosonic force carriers. The gauge gré&ig(3)c
corresponds to the strong interaction. It has 8 generators which correspond to the 8 types
of gluons, the force carriers of the strong interaction. The electromagnetic force and the
weak force are combined into the electroweak force in tl8dJ(2), U(1)y gauge theory,
and it is mediated by massive weak boson®\{ , Z°) and a massless photon (. In order

for the Lagrangian to be invariant under local transformation, it is necessary that the
gauge bosons be massless, which contradicts the experimental results pointing towards a
massiveW and Z° boson. To resolve this, the Higgs eld was introduced, which will be
discussed in the next section.

2.2 The Higgs Field and Symmetry Breaking

For the electroweak sector, the SM Lagrangian can be written as follows:

1 1. -
“F F =G' G 2.1
y 3 (2.1)

Lsuw = L B L+irR B R

Here | and g are the left chiral fermion doublets and the right chiral fermion singlets
of the form

respectively. To maintain the local gauge invariance during di erent symmetry trans-
formations, the kinetic terms for the vector eldsB and W' are introduced with F

and G ' . The interaction between the vector bosons and the fermion eld is explained
through the covariant derivativesD which is given by

@! T =@+ igW'+ig%.B (2.2)
for the left chiral fermions and

@! B =@+ ig%.B (2.3)



2. Theory and Phenomenology

for the right chiral fermions. Vector bosons and fermions do not possess associated
mass terms, since they spoil the locagbU(2), U(1)y symmetry. To deal with this,

the SM incorporates the concept of spontaneous electroweak symmetry breaking, or the
Higgs mechanism, originally proposed by Higgs, Brout, Englert, Guralnik, Hagen, and
Kibble [10]. This mechanism is essential for generating the masses of the weak vector
bosons while satisfying the requirements of renormalizability and unitarity. The Higgs

mechanism involves two complex scalar elds arranged in a weak isospin doublet.

! !
+

= L= (2.4)
The Lagrangian for the scalar eld is given by:
Luiggs = (B )'(B ) V(); (2.5)
where the potentialV( ), depicted in Figure 2.2, is de ned as:
V()= 2(Y)+ (V)* (2.6)

To ensure a nite minimum, referred to as the vacuum state, the potential is set such that
> 0. However, can have either a positive (2 > 0) or negative ( 2 < 0) value. When
2> 0, the potential possesses a single vacuum state at the origin, exhibiting symmetry

in all directions. In contrast, selecting 2 < 0 yields an in nite number of vacuum states

located at a distancev from the origin:

Y= =V (2.7)

Figure 2.2: Graphical representation of the Higgs potential V() for 2< 0and > O.

Once the Higgs eld attains a vacuum expectation value (VEV), the symmetry is broken
because the potential is no longer symmetric from any of these vacuum states. The
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2.2. The Higgs Field and Symmetry Breaking

Higgs doublet, after attaining a vacuum expectation value and applying unitary gauge
condition, can be written as

0

vt (2.8)

= o
2

After attaining VEV, Equation (2.6) becomes

1 1 1 1
Lhggs = 5@h@h  v?h* vh® Zh®+ JgvW W' + Z(G+ GVZ Z
o} —vz 2} {8 }
Massive scalar Self-interactions Mass of gauge bosons

1 1 1 1
I+§g§vw W* h+ 21(g§+ PIVZ Z r}+ 21ggw W* h2+ é(g§+ P)Z Z h;
z
Interactions between the Higgs and gauge elds

(2.9)
[31], whereW , Z, and A elds are de ned as
WA B W3+ g,B
W:pl—_Wl in;Z:%pz:glz;A:glz_gzz_ (2.10)
2 g+ 0 G+ 0

From the quadratic eld terms in the above Lagrangian, the masses of the Higgs boson
and the gauge bosons can be determined to be

Pp—
my = 2V2; mwz%, mZ:%

Thus, one can generate mass for the vector bosons without violating the local gauge
symmetry. Since the Dirac mass term for the fermions violat8 U(2), symmetry, they
are replaced by new mass terms, described by the Yukawa Lagrangian and it is given by

L + g Y
Y Or L R R L (2.11)
+

where and . are the scalar Higgs doublet and its conjugate in its unitary gauge,,
and g are the left fermion doublets and the right fermion singlets of th&U(2)_ group.
For any fermionf , after symmetry breaking, the Yukawa Lagrangian becomes

L\(f %V f_LfR + f_RfL + gfEhV f_LfR + f_RfL ; (212)
from which the mass of the fermion can be determined to be

ms = pq'—zv: (2.13)
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2.3 Higgs Boson Characteristics and Behavior

The Higgs boson was discovered in 2012 at thénd. through experiments conducted by
Atlas and Cms [8, 9]. This groundbreaking discovery was achieved by observing its
decay through various channels, which includez®z®! 4 W*w ! **° ~and .
The Higgs boson possesses a masd®510 0:42 GeV [9, 32] and is characterised as a
spin-0, CP-even particle with a very short lifetime of jigs 10 2? seconds [33].

For the Higgs boson production at.hc , three production modes dominate, and they are
represented in the Feynman diagrams in Figure 2.3. The most prominent one is gluon-
gluon fusion (ggF), with a Higgs boson production cross section ofgr = 54:7 pb at 14
TeV [33]. There are also other less prevalent modes like the vector boson fusion (VBF)
mode and associated Higgs production.

(c) Associated Higgs boson
(a) Gluon gluon fusion (b) Vector Boson Fusion production

Figure 2.3: Leading-order Feynman diagrams for Higgs boson productionlaic in the
order of their cross-section abundance.

The Higgs boson, being an unstable particle, undergoes rapid decay shortly after its
production. Although it can decay to all massive SM patrticles, it preferentially couples

to heavier particles. It can also decay into massless particles such as photons and gluons
through loops involving massive particles such as top or bottom quarks aMd bosons.
The branching ratios of these di erent decay modes of the SM Higgs boson are listed in
Table 2.1. Due to the high mass of thé quark and the lepton in comparison to other
fermions, they have the highest Higgs boson branching ratio.

In addition to the Higgs boson's interactions with vector bosons and fermions, the scalar
Lagrangian in Equation (2.9) also contains trilinear and quartic self-coupling terms, which
correspond to the Feynman vertices in Figure 2.4. To produce two real Higgs bosons via
trilinear self-coupling, the mediating Higgs boson must exist as a virtual particle with
mass my 2my . As the mass of virtual particles lacks a precise value and spans a
wide range, attempts to reconstruct this mass do not yield a distinct resonance peak.
Consequently, this production method is termed non-resonant. However, experimental
measurements of the Higgs boson's self-interaction have not been achieved thus far [34].
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2.3. Higgs Boson Characteristics and Behavior

Decay Channel Branching Ratio Relative Uncertainty

H! bb 5:82 101 v
H! W*w 214 101 1.5%
HI ¢ 6:27 10 2 1.6%
H! cc 2:89 102 o
H! zz 2:62 102 1.5%
H! 227 108 2.1%
H! Z 153 10° 5.8%
HY * 2:18 10 * 1.7%

Table 2.1: Branching ratio of Higgs boson with a mass ohy = 125 GeV, and their
relative uncertainties [33].

(a) Trilinear self coupling (b) Quartic self coupling

Figure 2.4: Feynman vertices depicting the self-couplings of the SM Higgs boson.

At the Lhc, an extensive physics program is dedicated to exploring Higgs boson pair
(HH) production, which serves as an avenue to probe the Higgs boson's trilinear self-
coupling, denoted as wuy. In the SM, the self-coupling of the Higgs boson and the
structure of the scalar Higgs eld potential are entirely determined by the Higgs boson's
mass and VEV. Any deviation from the predicted shape of the scalar potential could have
profound implications on our understanding of baryogenesis [35], in ation[36], stability
of the electroweak vacuum [37] and ultimately the universe's destiny. Therefore, the
measurement of the Higgs boson's trilinear self-coupling holds particular signi cance as
it provides insights into the characterization of the Higgs eld potential.

Investigation of the Higgs boson trilinear self-coupling at thé.hc involves an analysis

of gluon-gluon fusion (ggF) and vector boson fusion (VBF) channels, depicted in Figures
2.5 and 2.6 respectively, where ggF accounts for approximately 90% of the Higgs boson
pair production [33]. The expected cross section for ggF at a collision energy of 14 TeV
and a Higgs boson mass of 125 GeV48.7*%5 fb [38] at NNLL, which is three orders of
magnitude lower than the cross section for single-Higgs boson production. The process of
interest is shown in Figure 2.5a, which interferes destructively with the process illustrated

11



2. Theory and Phenomenology

(a) The ggF signal process. (b) The ggF background process.

Figure 2.5: Leading-order Feynman diagrams for ggF non-resonant production of Higgs
boson pairs. (a) illustrates the signal process, proportional to the product of the top-
guark Yukawa coupling and the Higgs boson self-coupling. (b) is the background process,
which is proportional to the square of the top-quark Yukawa coupling.

Figure 2.6: Leading-order Feynman diagram for VBF non-resonant production of the
Higgs boson pairs. The trilinear self coupling is denoted by -

in Figure 2.5b, making it even harder to study the process.

Before leaving a detectable signature in the detector, the Higgs bosons decay into more
stable particles. The branching ratio for the nal state particles in the Higgs boson pair
events is shown in Figure 2.7. Previous searches for non-resonant HH production were
performed at the Atlas and Cmsinthe bb *  [15],bb [17], blbb[16],bb™* ~ ~ [18]
decay channels. Analysis has also been performedAjas in the bbgg®™ , WW
andWW WW decay channels, and bgmsinthe bb** “*° WwW WwW W W *

and * *  decay channels.

Among these, thetb * | bbb, bb  channels are particularly favoured due to their high

sensitivity. Using these channels in Run-2Atlas data, constraints were placed on the

coupling modi er de ned as the ratio of the Higgs boson self-coupling to its SM value
= HuH= oMy . Within the range of 0:6 < < 6:6 at a 95% con dence level [34].

2.4 Decay Modes for b Quarks and Leptons

Within the framework of the SM, particle decays represent transformation of one particle
into another, often leading to the creation of lighter particles or fundamental constituents.
At the heart of particle decay lies the principle of conservation laws, which encompass

12



2.4. Decay Modes fob Quarks and Leptons

Figure 2.7: Branching ratio for the most important HH decay modes assuming SM cou-
plings, calculated at NLO [39].

the preservation of various quantities such as energy, momentum, electric charge, fermion
number, etc. These conservation principles intricately dictate the permissible decay chan-
nels for particles, guiding their transition pathways and contributing signi cantly to our
comprehension of the underlying symmetries within the universe. In the context of this
analysis, the decay modes of leptons andb quarks are of signi cance.

(a) Leptonic decay channel (b) Hadronic ( * and 9) decay channel

Figure 2.8: Feynman diagram depicting a potential hadronic and leptonic tau decay
channel.

The tau lepton is the heaviest among the lepton family with a mass df77686 0:12
MeV [33], and it decays by emitting a virtual W boson, generating a . It has a mean
life time of =(2:903 0:005) 10 *¥s. They have two types of decay modes: leptonic,
as depicted in Figure 2.8a, or hadronic, an example of which is illustrated in Figure 2.8b.
The corresponding branching ratio are visualised in Figure 2.9a.

Tau leptons that undergo hadronic decay predominantly produce a mix of charged pions
( ) and kaons K ), characterised by an odd number of charged tracks or prongs, and
neutrinos, which are undetectable. These visible hadronically decayinglepton decay

13



2. Theory and Phenomenology

products are referred to aspaq. The conservation of charge necessitates that thelepton
decays exclusively into an odd number of charged particles, while the decay products may
also contain neutral mesons such as’ and K° When we observe the decay of two
leptons, multiple combinations of these decay processes become possible. Figure 2.9b
illustrates the contributions of the di erent nal states.

(a) Single branching fraction (b) Di erent nal states

Figure 2.9: Figure depicting various and the nal states [33].

(a) B meson decaying to charm meson and (b) B meson decaying to purely leptonic nal
lepton/quark pair. state.

Figure 2.10: SM ElectrowealB meson decays.

The b quark, with a mass 0f4:18'%33 GeV [33], hadronizes and produces jets of particles
almost instantaneously with a high probability of producing aB meson in the process.
The B mesons can undergo decay in several interesting ways as represented in Figure 2.10:
completely leptonic, semi-leptonic with a non-prompt lepton, or fully hadronic. The3
mesons have a proper lifetime of approximately 1.638 ps [33]. In the laboratory frame,
B -mesons typically travel an average distance in the order of millimetres to 1 centimetre
before decaying.

14



Chapter 3

Experimental Setup

A signi cant portion of this analysis relies on data collected from theAtlas detector,
a pivotal component of one of the four primary experiments conducted &ern , which
is home to the world's largest particle accelerator - théhc . Subsequent sections in
this chapter discuss the intricacies of thethc machine, theAtlas experiment and its
detectors.

3.1 The Large Hadron Collider (L hc)

The Large Hadron Collider [13] (Ibc) is a two-ring superconducting hadron accelerator
and collider installed in the existing 26.7 km tunnel that was constructed between 1984
and 1989 for the electron-positron collider kep [40]. The Lhc has a design beam energy
of 7 TeV, resulting in a design collision energy &§ =14 TeV. The Lhc accommodates
2808 proton bunches, each initially containing around:1 10" protons, spaced 25 ns
apart, travelling at nearly the speed of light €). During Run-2, which spans from 2015
to 2018, theLhc operated at’ s =13 TeV, reaching a maximum luminosity ofL peak =
214 10%*cm ?s linthe Atlas experiment. As of 2023, the_hc is in its Run-3 phase
operating at P s=13:6 TeV.

The illustration depicted in Figure 3.1 shows theCern accelerator complex, which in-
cludes theLhc and its associated accelerator chain. The proton acceleration process
involves the ionisation of negative hydrogen atoms in a strong magnetic eld &finac4

to 160 MeV. Subsequently, the hydrogen ions are stripped of their two electrons upon in-
jection from the Linac4 into the Proton Synchrotron Booster (PSB), thereby leaving only
protons. These protons are then accelerated to 2 GeV. Further acceleration occurs within
the proton-synchrotron (PS) to reach beam energies up to 26 GeV. The beam is then
directed to the Super Proton Synchrotron (SPS), where particles originating from the PS

15



3. Experimental Setup

Figure 3.1: The Grn Accelerator Complex showing all experiments around thehic
(Image: Cern).

undergo further acceleration to reach an energy level of 450 GeV before being introduced
into the Lhc . Inside the Lhc tunnel, 1232 superconducting dipole magnets, each pro-
ducing an 8.33 T magnetic eld, are used. These magnets are made of Niobium titanium
alloy (NbTi) and operate at temperatures below 2 K. Quadrupole and higher-order mag-
nets ne-tune the beam path. Protons are accelerated by 16 high-frequency radio cavities
with a 2 MV/m gradient. The complete acceleration process takes roughly 20 minutes.

At the Lhc there are eight crossing points anked by long straight sections for the RF
cavities. However, it was decided to equip only four of the eight possible interaction
regions and to suppress beam crossings in the other four regions to prevent unnecessary
disruption of the beams. The experimental sites of the collider, located in the four
equipped interaction regions, house complex and sophisticated detectors, such #asA

(A Toroidal Lhc ApparatuS) [14], Ons (Compact Muon Solenoid) [41], Aice (A Large

lon Collider Experiment) [42] and Lhcb (Large Hadron Collider beauty) [43], which are
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The Atlas Detector

used for di erent types of physics analysis. fias and Cmsare general purpose detectors
designed to study a wide range of SM and Beyond the Standard Model (BSM) physics
phenomena, whereashc b focusses on B meson physics andide focuses on heavy-ion
physics.

3.2 The Atlas Detector

The Atlas detector [14] shown in Figure 3.2 is a versatile particle detector that provides
comprehensive coverage of nearly the entire solid angle surrounding the collision point.
It is the largest detector ever constructed for a particle collider with 46 m in length and
25 m in diameter.

Figure 3.2: The image on the left showcases the components of th#ga8 detector. On
the right side, the image de nes both the cylindrical and cartesian coordinate systems of
the Atlas detector [44].

In the Atlas detector, the nominal interaction point is de ned as the origin of the
coordinate system. Thez axis aligns with the beam axis, and thex-y plane is transverse
to the beam direction, as de ned in Figure 3.2. The positive axis is de ned as pointing
from the interaction point to the centre of the Lhc ring, and the positivey axis is de ned

to be pointing upwards. The side A of the detector is de ned as positive, and the side
C is negativez. The azimuthal angle is measured as usual around the beam axis, and
the polar angle is the angle from the beam axis.R describes the distance from the
beam axis. The pseudo-rapidity is de ned as = In(tan(5)) and in the case of massive

objects such as jets, the rapidityy = %In EE*E; is used. The transverse momentum
pr, the transverse energyEt, and the missing transverse energ ... are de ned in the

X-y plarpe. The distance R in the pseudorapidity-azimuthal angle space is de ned as
R= v 2

17



3. Experimental Setup

The inner detector lies at the heart of this setup. Beyond this lies the calorimeter section,
beginning with the electromagnetic calorimeter and followed by the hadronic calorime-
ter. Surrounding this is the outer shell that houses the magnet system and the muon
spectrometer.

3.2.1 Inner Detector

Figure 3.3: Cut-away view of theAtlas inner detector (Image: TheAtlas collabora-
tion).

The Inner Detector (ID) [45] within this setup comprises three key components: the pixel

detector, the SemiConductor Tracker (SCT), and the transition radiation tracker (TRT).

The acceptance in pseudorapidity i$ j < 2:5 for particles coming from theLhc beam-

interaction region, with full coverage in . The detector has been designed to provide a

transverse momentum () resolution, in the plane perpendicular to the beam axis, of
or =Pr =0:05% pr GeV 1%.

The pixel detector, positioned closest to the interaction point (IP), contains the Insertable
B-Layer (IBL) [46] and additional layers in the barrel and end-cap regions. With a total of
approximately 92 million readout channels, it provides track measurements post-collision
with a high spatial resolution with a ne pixel size of50 250 m? in the IBL and
50 400 m? for the subsequent layers in theR Z space.
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The SCT, following the pixel detector, utilises 12 cm silicon strips with a pitch of 80m for
tracking charged particles. The total number of readout channels in SCT is approximately
6.3 million. The SCT maintains spatial separation between tracks, preventing resolution
degradation as the distance from the interaction point increases.

Simultaneously, the TRT aids in particle identi cation by detecting transition-radiation
photons from the charged particle, utilising straw tubes and a xenon-based gas mixture.
The crossing particles ionize the gas mixture inside the straws and create an electron
drift towards the grounded wire in the center of the tube. The electrons cascade close to
the wire and create a detectable signal. The total number of TRT readout channels is
approximately 351,000. Together with the two end-cap regions it has an acceptance range
of j j < 2:0. These components collectively contribute to momentum measurements by
utilising the Lorentz force, where charged patrticles' trajectories bend relative to the 2
T solenoid magnetic eld. This bending allows calculation of a particle's transverse
momentum (pr) on the basis of its charge and the curvature of its path.

3.2.2 Calorimeter

Figure 3.4: Cut-away view of theAtlas calorimeter system (Image: Théitlas collab-
oration).

The Atlas detector's calorimeter, situated beyond the ID's solenoidal magnet, is il-
lustrated in Figure 3.4. Calorimeters determine the particle energy through a process
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3. Experimental Setup

that destructively assesses particles as they enter, triggering a particle shower whose en-
ergy is then measured. These calorimeters are engineered to con ne electromagnetic and
hadronic showers while minimising their intrusion into the muon detector system.

The Electromagnetic Calorimeter (ECal) is divided into a barrel ( j < 1:4795 and two
end-cap componentsl(375< j | < 3:2). The central solenoid and liquid argon calorime-
ter (LAr) share a common vacuum vessel to save material costs. The ECal's design
features accordion-shaped electrodes and lead absorber plates, ensuring complsien-
metry without azimuthal gaps. The ECal has 101,760 read-out channels in the barrel
region and 62,208 readout channels in the endcap region. Additionally, in regions of
] ] < 1.8, a presampler detector corrects energy losses by electrons and photons before
reaching the calorimeter, using active LAr layers of di erent thickness in the barrel and
end cap regions. The presampler has 7808 read-out channels in the barrel region and
1536 readout channels in the end-cap region. The ECAL is designed to achieve an energy
resolution of ¢=E = 10%= E(GeV) 0:7% for electromagnetic showers.

The Hadronic Calorimeter (HCal) consists of the Tile Calorimeter in the barrel region. It
is situated just outside the EM calorimeter and uses steel as the absorber and scintillating
tiles as the active material. The Tile Calorimeter covers the barrel regignj < 1 and its
two extended barrels the rangd:8 < j j < 1:7, with 5760 and 4092 readout channels,
respectively.

The Hadronic End Cap Calorimeter (HEC) comprises two independent wheels per end-
cap, situated behind the end-cap electromagnetic calorimeter and sharing LAr cryostats.
It has 5632 readout channels in total. Extending tg j = 3:2, it overlaps the forward
calorimeter, and atj j = 1:5, it slightly intersects the Tile Calorimeter (j j < 1:7). Each
wheel, made of 32 identical wedge-shaped modules, divides into two depth segments,
totalling four layers per end cap. Using copper plates and LAr gaps, the HEC's de-
sign varies plates between 25 mm and 50 mm thickness. Meanwhile, the LAr Forward
Calorimeter (FCal) with 3524 readout channels is integrated into the end-cap cryostats,
as this provides clear bene ts in terms of uniformity of the calorimetric coverage and
reduced radiation background levels in the muon spectrometer. The HCAL and HEC
have an energy resolution of e=E = 50%= E(GeV) 3%, while the FCal is designed
to achieve ¢=E =100%= E(GeV) 10%for hadronic showers.

3.2.3 Muon Detector

The muon spectrometer shown in Figure 3.5 within thétlas detector is a large track-
ing system designed to determine the charge and momentum of charged particles that
exit the calorimeters. As the name suggests, it plays a crucial role in identifying muon
particles. Typically, all SM particles that interact electromagnetically or strongly, apart
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