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Abstract

A search is made for a vector-like top quark partner T decaying hadronically to a Standard Model top
quark and a Higgs boson in p§ = 13 TeV proton-proton collisions at the Large Hadron Collider. The
data sample corresponds to an integrated luminosity of 139 fb * collected by the ATLAS detector.
The decaying H ¥ bbandt ¥ bw ¥ bqq” are reconstructed as large-radius jets. Candidate Higgs
bosons, top quarks, and associated B-hadrons are identi ed using tagging algorithms. No signi cant
excess is observed above the Standard Model background. Limits are set on the production cross-
section of a singlet T quark at 95% con dence level, depending on the mass of the T quark, mr,
and its coupling strength to Standard Model particles, 1. In the considered mass range between
1.0 and 2.3 TeV, the upper limit on allowed coupling values increases with mr, up to mt = 1:7 TeV

at + =0:7.
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Chapter 1

Introduction

In the eld of particle physics, the Standard Model is the culmination of decades of scienti c e ort.

In 1897, J.J. Thomson discovered the rst subatomic particle, the electron [1], eventually leading to
Paul Dirac formulating quantum electrodynamics [2] in 1928. In 1911, Ernest Rutherford discovered
the atomic nucleus [3], which led to him and Neils Bohr proposing the Bohr model of the atom [4] just
two years later in 1913. Later, in 1919, Rutherford would go on to discover that nitrogen molecules
could be fragmented into hydrogen nuclei [5], which he would later name protons. In 1935, James
Chadwick would discover the neutron [6], for which he received the 1935 Nobel Prize in Physics.

In the 1960s, deep inelastic scattering experiments at the Stanford Linear Accelerator Center
would show that protons were really composed of quarks [7,8]. This would lead to the development
of quantum chromodynamics [9] in 1973, pushed by Harald Fritzsch, Murray Gell-mann, and Heinrich
Leutwyler, but built upon a foundation of contributions by many more. In 1979, Sheldon Glashow,
Abdus Salam, and Steven Weinberg would receive the Nobel Prize for the uni ed description of
guantum electrodynamics and the weak interaction [10{13]. From this uni ed theory, the predicted
W and Z bosons would later be discovered in 1983 [14{17], which would earn Carlo Rubbia and
Simon van der Meer the Nobel Prize in 1984. With the discovery of the Higgs boson in 2012 [18], all
pieces of the Standard Model is in place. The Nobel Prize for this in 2013 would go to Peter Higgs
and Frarcois Englert, the theorists who rst proposed its existence [19, 20].

However, we are still far from an experimentally validated grand uni ed theory, and so our
work as physicists is still not yet complete. The Standard Model (SM), while an improvement over
its predecessors, is still unable to explain everything. Perhaps the biggest aw is the inability to
adequately explain gravity, one of the four fundamental forces of the universe, and is thus left out of
the Standard Model. The exclusion of gravity could be considered reasonable as it is comparatively
much weaker than the other three forces at lower energy scales, and the SM after all is just an
e ective eld theory. Similarly, one may say that the fact that gravity is comparatively much
weaker for seemingly no reason is itself an issue, and this issue is related to something known as
the hierarchy problem [21,22]. Continuing along the same lines of thought, theoretical extensions
to the Standard Model have been proposed to deal with these problems. One minimal extension
proposes the existence of new, heavier, fundamental particles which are called Vector-like Quarks
(VLQ). In keeping with the tradition laid out by the brief historical recap above, it is how up to
experimentalists to validate this theoretical prediction.



This thesis presents a search for exotic phenomena using the ATLAS detector, in proton-proton
collisions produced by the Large Hadron Collider (LHC) at CERN. The objective is to observe an
excess of events beyond what is predicted by the Standard Model, which may be attributed to the
existence of VLQs. The exact decay signatures we look at are a top quark and a Higgs boson,
both decaying hadronically, with the Higgs boson decaying speci cally to abb pair. By limiting this
search to the hadronic decay channel, we are able to fully reconstruct the Higgs boson and top quark
invariant mass distribution. Therefore, not only would we be able to see the existence of a VLQ,
but we would also be able to measure its mass.

In Chapter 2, | present a brief review on the Standard Model, the maotivation for why VLQs are
proposed, as well as some basic features of VLQs. Chapter 3 is dedicated to the experimental setup,
discussing both the particle collider and the particle detector. This section also includes a brief
overview on how the raw data produced by the detector is reconstructed to identify and measure
various SM objects. The entire analysis framework is discussed in Chapter 4. Tagging algorithms
are used to identify b-quarks, Higgs bosons, and top quarks. Their presence, or lack thereof, is used
to help categorize events into potential signal or background events. The background estimation
procedure is also outlined here. Systematic uncertainties that a ect the measurement are also
discussed in this chapter. The data tting and statistical analysis scheme is discussed in Chapter 5.
The results and interpretations are discussed in Section 6, along with a brief overview of previous
search results.



Chapter 2

Theory

2.1 Quantum Field Theory

The foundation of the Standard Model is built upon Quantum Field Theory (QFT) [23{25]. It is

a theory of quantized mathematical elds where the Lagrangian of the system is invariant under
local gauge transformations. When the group for the gauge symmetry is non-Abelian (i.e. non-
commutative), then this theory is better known as Yang-Mills theory.

A eld is a transformation, de ned over a coordinate space, that maps each point in space to a
scalar, a spinor, a vector, or a tensor. Fields that exhibit speci ¢ spin-parity symmetries, such as
pseudoscalar and pseudovector elds, also exist, and appear in the Standard Model as composite
particles. Scalar and vector elds correspond to bosons while spinor elds correspond to fermions.

In QFT, the coordinate space refers to Minkowski space, with one temporal dimension and three
spatial dimensions, and the Minkowski metric (+ ). The coordinate space is represented by a
four-vector, x , where = 0;1;2;3 is the vector index. Vectors with raised indices are considered
contravariant, while those with lowered indices are covariant. The relation between the two can be
given by the use of the Minkowski metric tensor in the relation x = X .

Field theories can be quantized through the path integral approach developed by Richard Feyn-
man [26], which states that the probability of a particle moving from point a to point bis the sum
of probabilities of all possible paths betweena and b. It is the formulation of the action S, from
classical Lagrangian mechanics. This is done by taking the path integral, de ned as

Z,,
U(xi;xi)= A eSID(x); (2.1)
Xi
: . . L : R . .
whereA is some normalization factor,x is a point in space-time,S(x) = Ldtis the action, and D (x)
denotes that the integration is done over all possible paths. From this, one may derive quantities
such as scattering amplitudes of particle interactions.
Gauge invariance imposes the condition that a eld is invariant under the transformation,

1o Tt (2.2)

with  as the transformation parameter andT?2 as the generator for the gauge group, which in this



discussion is restricted to SU(N). If the parameter is allowed to vary across space, i.e. !  (x),
then this becomes a local gauge transformation. The symmetries involved directly lead to conserved
guantities due to Noether's theorem. For the Standard Model, the U(1) gauge symmetry leads to
charge conservation; the SU(2) gauge symmetry leads to weak isospin conservation, the SU(3) gauge
symmetry leads to color charge conservation. The electroweak force SU(2)J(1) conserves weak
isospin and weak hypercharge.

To maintain local gauge invariance of the Lagrangian, it is necessary to de ne the covariant
derivative,

D =@ igA?T% (2.3)

where g is the coupling constant, and A? is the vector eld corresponding to the generator. The
vector eld A? has its own transformation rule in order to maintain gauge invariance, which is

A1 A%+ é@ a(x) £ D(x)AC: 2.4)

where f 2°¢ are the structure constants unique to the underlying gauge group and given by the
commutation relation of the group generators, written as [T2; T?] = if a°T¢,

The vector eld now has to enter the Lagrangian with its own kinetic term, which is given by
the eld strength tensor, and can de ned by

_1 .
F =5 D]

=%{(@ gATTA); (@  igAST?)]

@A2  @A? + gsf °APAC: (2.5)

Ultraviolet divergences tend to arise in relativistic QFT, generally due to Feyman loop diagrams.
The path integral formulation states that all possible paths contribute to the amplitude of a process,
which include paths with arbitrarily large values of momentum. This is dealt with by renormal-
izing the eld theory to remove these divergences from physical predictions; a eld theory whose
UV divergences can all be removed in this manner then the theory is said to be renormalizable.
The process of renormalization pairs divergent contributions with parameters of the theory to pro-
duce nite observables that can match experimental data, e ectively hiding the divergences. The
renormalization process then reframes the theory in terms of renormalized parameters. This creates
counterterms in the renormalized Lagrangian of the theory that should cancel out the divergences.

As part of renormalization, any coupling constants in the theory may therefore be subject to an
energy dependence. This is given by the relation

@g .
@n( )’

where g is the coupling constant of the theory and is the energy scale. If > 0 then the coupling
increases with energy, whereas if < 0 then the coupling decreases with energy, and the theory is
said to be asymptotically free.

(9= (2.6)



2.2 Standard Model

The Standard Model is a quantum eld theory with local gauge symmetry, uniting the theories of
guantum electrodynamics (QED), electroweak theory (EW), and quantum chromodynamics (QCD).

It describes six leptons, six quarks, four gauge bosons, the Higgs boson, and all of their interac-
tions. Both quarks and leptons are fermions, and thus have both spin values of % and obedience
to fermi statistics. Bosons are mediators of particle interactions, with spin values taking on integer
values.

The leptons are categorized into three generations. Each generation contains one charged particle
and its associated lepton neutrino, which is neutral. The charged leptons all have an electric charge
of 1 e, given in units of electron charge € = 1:6 10 '° coulombs). Originally, neutrinos in
the Standard Model were thought to be massless, though by observation they have minimal non-
zero mass [27], thanks to the Sudbury Neutrino Observatory [28, 29] and the Super-Kamiokande
experiment [30]. Leptons do not carry color charge, and thus do not interact with the QCD sector of
the Standard Model, only the Electroweak sector. The three leptons are the electrond), the muon
( ), and the tau ( ).

The quarks are categorized into three generations, in order of increasing mass. First generation
guarks are known as theup and down quark, with electric charges +% eand % e, respectively. The
second generation quarks are the charm and the strange quark, and the third generation quarks are
the top and the bottom quark. Unlike leptons, quarks interact with all known forces of the Standard
Model.

The gauge bosons act as intermediaries of force exchange between particles. They originate from
the generators of the gauge group corresponding to di erent gauge symmetries, leading to eight
gluons (9), three electroweak vector bosons (W, Z), and one electromagnetic boson (the photon

). Every single gauge boson is a vector boson, with a spin value of 1.

The Higgs boson is di erent from the gauge bosons, as it does not represent a speci ¢ gauge eld
and thus is not tied to a speci ¢ gauge invariance. Furthermore, it is a scalar boson, with a spin of
0.

2.2.1 Strong Interaction

The strong nuclear force is the interaction responsible for binding quarks into composite particles
known ashadrons Hadrons are generally split into two groups, mesons and baryons. Mesons consist
of a quark-antiquark pair, while baryons consist of a trio of quarks or antiquarks exclusively. Hadrons
with higher quark count have been observed in particle experiments, but are much rarer [31, 32].

The non-abelian gauge group for QCD is SU(3). The number of generators is given by? 1 =38,
leading to eight massless gauge bosons, which are the gluons. The three degrees of freedom described
by SU(3) are referred to as color, individually corresponding to red, green, and blue. Each gluon is a
combination of some of the three colors and their anti-colors, corresponding to the non-zero entries
in a particular Gell-Mann matrix.

The terms of the Lagrangian speci c to QCD are given by:

o A 1
Loco = (i XD )iy § Mgy 4 4 ZGa G, (2.7)



where is the gamma matrix, D is the covariant derivative operator, mq is the Lagrangian mass
term for a quark g, and G, is the gluon eld strength tensor.
The covariant derivative D is de ned as:

D =@+ igsfaAa; (2.8)

where , are the Gell-Mann matrices, the generators of SU(3).

The mass term mq is written because it does not violate SU(3) symmetry inLgcp , though
it will violate SU(2) symmetry as shown in Section 2.2.2. In practice this parameter does not
correspond directly to the observed masses of the quarks, and is instead just another parameter in
the Lagrangian.

The gauge eld strength tensor is de ned as:

G = @A* @A? + gsf CAPAC; (2.9)
where A are the gauge elds, gs is the coupling constant, and f 2 are the structure constants of

SU(3).
The beta function for the coupling strength is given by:

0 2
@) 113 (2.10)

(Gs) =

where n; is the number of fermion species [23]. The overall minus sign indicates that, for a theory
with small n;, the strong interaction is asymptotically free. Energy and distance scales are inversely
proportional, so the coupling strength increases with distance rather than energy. This is referred to
as color con nement, where it is energetically favorable for quarks and gluons to form bound states
with zero observable color charge rather than exist as free particles.

QCD Phenomenology

The physics of hadron-hadron collisions are complicated, and cannot always be calculated pertur-
batively due to the varying energy scales over the course of a collision. Many aspects are instead
modeled phenomenologically, relying on experimental observation to ne-tune parameters and im-
prove the accuracy of physical predictions. The main process is the hard scattering process, which
refers to the most energetic collision between partons within the hadrons. The less energetic par-
ton interactions form the basis of the underlying event, which may include secondary scattering
processes, i.e. scattering between partons at energies lower than the primary interaction, as well as
parton showering from these remnant partons. Partons from the primary hard scattering interaction
also emit parton showers, until they radiate enough energy that the QCD coupling strength becomes
strong enough to enforce color con nement, leading to hadronization.

For proton-proton collisions, as an example, the incoming proton consists of more than just
two up quarks and a down quark, but can instead be viewed as a sea of virtual partons with the
valence quarks contained within. When calculating any scattering process from the collision, the
probability of parton interaction is governed not just by the cross section of the interaction, but
also by the Parton Distribution Function (PDF). The parton distribution function is the probability



distribution of nding a parton within the hadron. It is a function of x, the momentum fraction of
the parton relative to the hadron, and Q?, the scale of momentum transfer squared. Although the
Q? in data sets are xed by the experimental setup, PDFs for di erent Q? can be extrapolated using
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [33{35] that determine how a
PDF evolves as a function ofQ?. These distributions are experimentally determined from collider
experiments, such as NMC [36], BCDMS [37], HERA [38], ZEUS [39], CMS [36], and ATLAS [40],
among others. There are many collaborations who maintain PDF sets, such as NNPDF [41,42] and
MMHT [43] which are used in this analysis, all of which dier in their approach to the PDF ts.
Two examples of di erent PDFs are shown in Figure 2.1, at di erent values of Q? (labelled 2 in
the case of the NNPDF distributions). For low x, the probability favors gluons and virtual hadrons,
while for larger x the probability for valence quarks take over.

The high energy environment of particle accelerators allows partons to emit QCD radiation in the
form of other partons, which may themselves also emit QCD radiation, resulting inparton showering
This procedure, unlike hadronization, can be treated perturbatively, as higher energy means weaker
QCD coupling strength. The core formula of parton showering MC modeling is the Sudakov form
factor [45]
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Q2 :Q%) = exp dzPj (2) (2.12)
where ¢? is the squared mass of the partons in the shower, also known as the virtuality, and serves
as the evolution variable; Q? and Q?2,,, merely specify the boundaries of the variation ofg? while Q3

is the hadronization scale (approx. 1 GeV); P; (z) is the splitting function of a parton of type i to
radiate parton j, of which there are four variations. Then ; gives the probability for zero resolvable
emissions within Q% to Q2_, . Here, a resolvable emission is one that has enough energy and exits
at a large enough angle to be detected. The evolution variable does not have to be the virtuality,
and this choice is what separates di erent MC generators. Parton showers occurring before the
hard scattering are known as initial state radiation (ISR) while those occurring after the event, and
involving the hard scattered partons, are known as nal state radiation (FSR).

As the parton showering radiates energy away from the parton, the coupling strength increases
and color con nement kicks in, thereby causing hadronization. This occurs at an energy on the order
of 1 GeV. The sole exception to hadronization is the top quark, with a mean lifetime of 5 10 2°
seconds [46], which is shorter than the hadronization time scale. Therefore, top quarks always decay
before they can hadronize. The energy scale at which hadronization occurs requires that the value
of the coupling strength is high enough that it can no longer be treated perturbatively. The two
main models used are known as the Lund string model [47] and the cluster model [48].

Brie y, the string model simulates hadronization by viewing the potential between a high energy
guark-antiquark pair as a ux tube, modeled as a massless relativistic string. As the quark-antiquark
pair moves apart, the string may split into two strings with a quark/antiquark at each end, losing
energy, until it is no longer energetically favorable to create new pairs. In the case of baryon
production, they may appear when the string split creates diquark pairs rather than quark pairs, or
even from multiple production of quark pairs in what is known as the popcorn model. Gluons may
enter into the model as kinks in the string. The string model forms the basis of the MC software
packagePythia [49].
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Figure 2.1: Some examples of di erent PDF distributions. The gures in the top row are the
MMHT14 [43] PDF set at NNLO, while the gures in the bottom row are the NNPDF [44] at
NNLO. The gures on the left are for Q% = 10 GeV?, while the gures on the right are for Q2 = 10*
GeV2.

The cluster model is based on the concept oprecon nement [50]. At energy scales less than
the proton-proton collision, the partons are combined into color-singlet clusters. The invariant mass
distribution of the cluster depends only on the parton shower cuto scalet; and qcp . The clusters
may decay into smaller clusters until they reach a mass of about 3 to 4 GeV, where they then decay
into hadrons. This model forms the basis of the MC software packagélerwig [51].

2.2.2 Electroweak Interaction

Although the electromagnetic force and the weak nuclear force were discovered separately, theorists
realized they were both part of the same fundamental interaction. This uni ed force is known as
the electroweak force.



The electroweak force inherits a SU(2) U(1) symmetry from the weak nuclear force and the elec-
tromagnetic force, respectively. This results in four gauge bosons arising from the group generators;
three from SU(2) and one from U(1).

An experiment in 1957 observed parity violation in the beta decay of cobalt-60 to nickel-60 [52],
and so the Lagrangian must necessarily contain chiral terms. Since the electromagnetic force obeys
chiral symmetry, the parity violation must arise from the SU(2) sector, and so it is normally written
as SU(2) to denote that it only acts on left-handed fermions.

In order to accommodate this, we de ne the chiral projections of a fermion eld using the
following formulas:

5

L= 1 . (2.12)
+ 5

= T (2.13)

where | ( r) is the left-handed (right-handed) projection of the fermion eld and ° is the 5"
Dirac matrix.
This di erence in chiral representation allows us to arrange left-handed fermion elds into dou-
blets while right-handed fermion elds are arranged in singlets, e.g,
I

u
L = d R = UR;dR; (214)

L

for rst generation quarks. This representation means that the mass term mg j; g Jq as seen in
Eq. 2.7 is not gauge invariant, and thus cannot be included.
The electroweak sector of the SM Lagrangian is given by

i o1 1
Lew = o(i )D )y § ZW*W, 2B B ; (2.15)
where D is the covariant derivative for SU(2). U(1) symmetry, and W2 and B  are the eld
strength tensors for SU(2). and U(1) respectively. Three generators are needed for SU(2) so
a=1;2;3 for W2, but U(1) has only one generator.
The covariant derivative for the electroweak sector is given by

D =@+ igO%B + igEiW : (2.16)

where g and g° are the coupling constants for SU(2) and U(1) respectively,Y is the generator for
U(1), which is the weak hypercharge operator, and ; are the Pauli matrices, the generators of
SU(2)., the weak isospin operator. Due to parity violation in the weak sector, the termig W
does not act on right-handed fermion elds g.

The eld strength tensors are given by

W2 = @QW?2 @W? g apcWPWE (2.17)
B =-—@B @B (2.18)

where g is the Levi-Civita symbol, the structure constant of SU(2). As B corresponds to the goup



Figure 2.2: A representation of the Mexican Hat potential. The vacuum is no longer located at
¥ =0, but instead at the brim of the hat. The Higgs boson corresponds to quantum uctuations
in the radial direction.

U(1), which is Abelian, it has a vanishing structure constant.

Spontaneous Symmetry Breaking

Much like in Section 2.2.1, the gauge bosons arising from the gauge elds should be massless. The
electroweak Lagrangian also does not include a mass term for the fermion elds. However, these
particles have been experimentally observed to have mass, and the explanation behind this is a
spontaneous symmetry breaking (SSB) of the SU(3) U(1) symmetry via the Higgs mechanism.

The addition of the Higgs sector in the Lagrangian takes the form

Lhiggs =(@ )'(@ ) V() (2.19)

where is two complex scalar elds, represented by

* 1 1+ 2.
= = — X 2.20
0 P st (2.20)

and V( ) is the Higgs potential given by
V)= 27 + (V)? (2.21)

with 2 < 0and > 0. This leads to a so-called Mexican Hat potential, as shown in Figure 2.2,
with a non-zero minimum value of v,

2

Y= —
2

V2
— 2.22
. (2.22)

The minimum value v is the vacuum expectation value, which is approximately 246 GeV [27].
We may choose a particular minimum value, thus breaking the symmetry of the Lagrangian,
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which is 1
1 0
= p— 2.23
2 v+ h(x) ( )

where the scalar eld is written in the unitary gauge and expanded about the vacuum expectation
value v. Now, using the electroweak covariant derivative from Eq. 2.16, we may write

L= J(@m@n)
. %gZ(W(l) FIWOYW @ W @)(v+ hy?

+o@W®  gB )W O gB v+ h) (2.24)

where the numbers in brackets are indices that denote the three components of the vector eldV.
The vector boson elds in the Lagrangian now have what appear to be mass terms but for the
rearranged elds:

w :p%(wl iw 2) My = =gV; (2.25)

(©)]
W B 1P
Z = %jg mz = =v g2+ g%; (2.26)
g?+ g 2
(©)]
w™ + B
A =9y *9°5 Mma =0 (2.27)
g2+ g®
whereW corresponds to the W bosonsZ is the Z boson, andA is now the photon. So the complex
scalar eld near the vacuum state results in massive gauge bosons for SU(2), while also having
interaction terms given by couplings to the Higgs bosonh.
Due to mixing between the electromagnetic and weak sectors, it is useful to de ne what is known

as the weak mixing angle or Weinberg angle,

0

= cos ! 9797 —sin ! p—9 : 2.28
w gZ + g(E gZ + g(ﬂ ( )

which relates the mixing between the massless gauge elds before SSB to the massive gauge elds
after, as well as the masses between the W and Z bosons, i.eoy w) = my=mz. A diagram of
the full relation is shown in Figure 2.3. The electromagnetic coupling, which appears in QED, can
then be recovered via the following identity:

e= p%: (2.29)
g°+dg

The mechanism through which fermions get their mass is di erent. Additional terms from the
mixing of the Higgs eld and the fermion elds take the form of Yukawa couplings, e.qg.

11



Figure 2.3: The relationship between the coupling constantsg, g° e, and the mixing angle .
Image taken from T.D. Lee, Particle Physics and Introduction to Field Theory, 1981 [53].

Ly ukawa = Jq
0 0
= u d dr + d u d
gq (U d)o vihoo FTR L (u d)
= gql(dLvdr + drvd.) + (dLhdr + drhdL)] (2.30)

using Eq. 2.23 for and Eq. 2.14 as the example fermions. This yields the mass terms for the down
quark, as well as the interaction between the Higgs bosoh and the down quark. For the up quark,
something similar is done, but rather than use we construct the conjugate doublet

I ! I

o ! !
1 3+i1 4 1 v+ h(x)

= = — = =] y 2.31

c FFZ i FFZ 0 ( )

which will instead give the mass term for the up quark when substituted into the Yukawa interaction.

One consequence of this is that the mass term is proportional to the coupling valug,, which also
a ects the interaction vertex of the quark with the Higgs boson. Fermions with higher mass therefore
have a stronger coupling, with the top quark having a Yukawa coupling strength approaching unity.

2.3 Beyond the Standard Model

The Standard Model, however, is not without its de ciencies. Perhaps the most prominent is the
Standard Model's incompatibility with the experimentally validated theory of General Relativity.
The existence of two separate but equally rigorous theories each explaining two distinct phenomena
is one of the most well known puzzles of modern times.

Matter-antimatter asymmetry, or baryon asymmetry, is also a puzzling observation. The observ-
able universe is mostly made up of matter, rather than having both matter and anti-matter in equal
amounts. Andrei Sakharov proposed three conditions for this asymmetry to arise [54]:

1. Baryon number violation;
2. C and CP violation;

3. Loss of thermal equilibrium.
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However, the CP violation observed in the SM, arising mainly from the quark sector [27], is not
enough to explain the discrepancy we observe [55, 56].

A much less well known problem with the Standard Model, at least among the general public, is
the hierarchy problem In the broadest sense, the hierarchy problem refers to the apparent hierarchy
in strength between the fundamental forces. This leads to the existence of multiple energy scales
in nature, such as the electroweak scale at roughly 0GeV, and the Planck scale at roughly 16°
GeV. Above the Planck scale, all four fundamental forces are roughly equal in strength. However,
the Higgs boson mass is shown to be sensitive to the high energy cuto scale of the theory [23].
This can be written as:

Miiggs = Mg+ m?( 2); (2.32)

where myjgqs is the observed Higgs boson massn, is the bare mass in Lagrangian, andm () are

the one-loop corrections. The quadratic corrections to the Higgs mass are on the order of the Planck
scale at 16° GeV [57], The observed Higgs mass sits at 125 GeV, so the radiative corrections are
being suppressed or controlled in some way.

If this is to be explained using only the Standard Model, then that requires a ne-tuning of
parameters in order for the predicted Higgs mass to match the observed mass. Fine-tuning to such
precision, without a physical explanation, is considered unnatural. It may be the case that this is
simply the description of reality, but a coincidence to the precision of order 103* is highly unlikely.

Many theoretical solutions have been proposed to address this and other de ciencies in the
Standard Model. One of the more well known solutions involves the theoretical framework of Su-
persymmetry (SUSY), which proposes the existence of supersymmetric particles that pair to each
currently existing particle in the Standard Model [58,59]. The basic idea is to use the extra interac-
tions to introduce cancellation terms in the higher-order corrections to the Higgs mass propagator
that eliminate the rapidly diverging corrections.

The proposition of undiscovered higher mass particles is not limited to SUSY. Other extra parti-
cles include fourth generation quarks, which are now almost entirely ruled out due to experimental
evidence [60]. The inclusion of fourth generation quarks would modify the predictions of many
electroweak variables, and this has not been seen in precision measurements. The width of the Z
boson has shown thatN = 3 [27] for light neutrinos, placing constraints on the properties of the
neutrino of a theoretical fourth generation of fermions. Fourth generation quarks that are more
massive than the top quark have a stronger Yukawa coupling to the Higgs boson and thus would
modify the loop-induced Hgg and H  vertices. Additionally, direct searches have also excluded
masses below 1 TeV [27].

If extra quarks are still a possibility, then they must not get their masses from the Yukawa cou-
pling to the Higgs boson. As shown in Section 2.2, quarks being chirally represented in the Standard
Model as spinors places a constraint on their mass, as well as the mass of any undiscovered fourth
generation quarks. If instead these new quarks can be represented by vectors in the Lagrangian,
then one may easily write a mass term without worrying about the Higgs coupling. These new
particles, called vector-like quarks, would behave similarly to current Standard Model quarks, but
their relative freedom of parameter choice means they are not constrained to the current Higgs boson
observations.
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Figure 2.4: Two example Feynman diagrams showing (a) pair production of a vector-like quark-
antiquark pair, and (b) single production of a vector-like top quark. The Feynman diagram of single
production is the process this analysis is searching for.

2.4 \ector-like Quarks

Unlike the previous example of SUSY, there is no one single unifying theory to explain vector-like
qguarks. Rather, they may be thought of as an extension to the Standard Model that is compatible
with many other theories. For example, in theories where the Higgs boson is naturally light due to
being a pseudo Nambu-Goldstone boson arising from a spontaneously broken global symmetry [61],
such as in Little Higgs [62,63] and Composite Higgs [64,65] models, VLQs naturally arise.

Vector-like quarks are spin¥4particles with color charge and similar particle interactions as with
the Standard Model quarks. In many respects, they can be thought of as fourth generation quarks.
However, the vector-like property means that the masstermm | g can be included in the Standard
Model Lagrangian without breaking gauge invariance.

There are four di erent VLQs: T with an electric charge of +%e, analogous to the SM top quark;

B with an electric charge of %e, analogous to the SM bottom quark; X with an electric charge
of + %e, with no SM counterpart; Y with an electric charge of %e, also with no SM counterpart.
These four VLQs may exist in electroweak singlet states like T) or (B), doublet states like (T;B),
(X;T), or (B;Y), or even triplet states like (X;T;B) and (T;B;Y).

For simplicity, this analysis considers a very simple model-independent approach as outlined
in Reference [66]. The parameters considered are the mass of the VLQ and the overall coupling
parameter . The parameter controls the coupling of the VLQ to the Higgs, W, and Z bosons.
Couplings to the gluon and the photon are given by the gauge covariant derivative, as in Eq. 2.3. For
coupling between VLQs and SM quarks, preference is given to third generation SM quarks [67, 68],
and coupling to lighter quarks is comparatively much smaller [69, 70].

VLQs can be produced in hadron-hadron collisions via pair production or single production.
Pair production is mainly a QCD-driven process, through the processegig;qg;q! QQ, as seen
in Figure 2.4a. This process is model-independent as it only depends on the mass of the VLQ in
guestion [66]. Mixing between VLQs can result in pair production via a W boson decay, however
such processes are model-dependent and also negligible as compared to the QCD process, especially
for higher mass values.

Single production relies on the coupling of the VLQ to the boson<Z; W; H . This means that VLQ
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Figure 2.5: Predicted cross section for VLQ production at the LHC at 13 TeV. The dotted line
indicates previously excluded mass values from direct searches. The dashed line shows the cross
section for pair production. Figure taken from Reference [71].

coupling to SM gauge bosons become important parameters for single production. The main mode
of production is a VLQ produced in association with two jets, one of which is a third generation
SM quark, via W or Z boson exchange. These processes are referred to s-mediated or Z-
mediated, respectively. An example of this can be seen in Figure 2.4b. Single production of a VLQ
in association with a boson is also possible. This di erence in parameter dependence between pair
and single production, illustrated in Figure 2.5, shows that above a mass of order 800 GeV, single
production dominates.

The primary decay modes of VLQs are related to the electroweak sector due to mixing between
VLQ and SM particles. This yields three additional parameters, , w,and z, which determine the
branching ratios for T decays into the Higgs, W, and Z boson, respectively. In the asymptotic limit
wheremt !'1 , the branching ratios becomeB(T ! Wb =1=2,B(T! Ht)= B(T! Zt)=1=4.
This lets the three parameters y, w, and z be replaced by a single parameter 1. The asymptotic
limit is a good approximation for m > 1 TeV, which is seen in Figure 2.7.

The expected mass distribution of a singly-produced vector-like top quark singlet fomt =1:1
TeV and my = 2:1 TeV is shown in Figure 2.6 as a function of 1. The most notable feature is a
small resonance around the chosen mass parameter for small values ofvhich broadens into a low
mass tail that drowns out the resonance with higher values of . Additionally, the growth of the
low mass tail with respect to increasing T is more dramatic at higher mt; while the low mass tail
only starts to distort the resonance peak at t = 0:6 for my = 1:1 TeV, it completely hides the
resonance peak at t =0:4 for my =2:1 TeV.

For this analysis in particular, we focus on searching for a singlet vector-like top quark, targeting
the T ! Ht decay mode and single VLQ production, and assume the branching ratios are in the
asymptotic limit. Due to this assumption, the parameters y, w, and z can be replaced with
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Figure 2.6: Generator-levelT mass forpp! T ! Zt=Ht events produced atp s =13 TeV with (a)
mt = 1.1 TeV and (b) mt =2.1 TeV. The value ranges from 0.1 to 1.6. These plots demonstrate
the increase of the low mass tail with respect to increasing 1, which hides the mass resonance at a
high enough coupling. Formy = 1:1 TeV, the mass resonance starts to disappear abover = 0:6,
while for my = 2:1 TeV it is completely hidden by 1 = 0:4. This distribution only models the
Whb! T ! Ht=Zt process.

Figure 2.7: Branching ratios for vector-like top and bottom quarks. Figure taken from Reference [72].

a single SM coupling parameter which determines the overall strength of coupling between the
SM and the T quark. The parameters mt and 1 de ne the phase space of this search, with
1:0<my < 23TeVand 01< 71 < 1:6. The speci c Feynman diagram is shown in Figure 2.4b.

Results from analyses are presented in the next subsection. Due to the di erence in processes
for pair production vs. single production, i.e. QCD interactions vs. electroweak interactions, results
for pair-produced VLQ searches are presented only in terms of the VLQ mass, while results for
singly-produced VLQ searches are presented in terms of both the mass and the coupling. Some
results include the width-to-mass ratio =my, which is proportional to 2.

Single production searches typically denote multiple isocurves of =my, with =my = 50%
being the most important. That is the upper limit of validity for the narrow width approximation
[73{75], where the Breit-Wigner distribution for the vector-like T quark can be approximated by
a delta function. This means the VLQ is always produced on shell, which simpli es the cross
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section calculation for the VLQ processes and is used when generating MC samples. Therefore,
interpretations using MC samples with the narrow width approximation sometimes truncate their
results at =mr =50% where the theory calculations hold.

2.4.1 Previous limits from ATLAS

This section will present an overview of results from previous analyses in ATLAS, starting from the
Run 2 data set with P s =13 TeV. To date, no deviation from the Standard Model has been found
in any signal region of any of the analyses presented. The results are therefore given for masses of
the vector-like T which have been excluded at 95% CL.

Previous results corresponding to the data taking years of 2015 and 2016, Witﬁ§ =13 TeV
and 36 fb ! of integrated luminosity, are presented in Table 2.1.

In addition, a combination search using several VLQ pair production analyses was published [76].
This combination search utilizes all six pair production searches listed in Table 2.1, as well as one
search speci cally for vector-like B quarks. From the combination search, masses belowm; = 1310
GeV are excluded for the singlet case, omt = 1370 GeV for the (T;B) doublet case, for any
combination of decays into SM particles.

The results published using the 139 fb! data set are shown in Table 2.2. It should be noted
that the analysis presented in this dissertation was the rst Run 2 VLQ search to be published; the
results shown in this table have all come after.

There is also a combination search that has just been completed [77], and has been submitted to
Phys. Rev. D. This search combines three VLQ single production searches to improve sensitivity to
the vector-like T quark. The three analyses are thel' |  Zt(Z ! ) in the MET + jets channel [78],

T ! Ht=Zt in the Lepton + jets channel [79],and T ! Zt in the 2° and 3" channel [80]. The nal
states of these analyses are distinguished by the number of leptons, from @ 3°. The mass range
that is excluded by the combination search is t-dependent, reaching a mass exclusion range of
mt < 2100 GeV for =my = 50%.

2.4.2 Previous limits from CMS

This section presents the most similar analysis that was previously released by the CMS collabo-
ration. It is also a search for hadronic nal states of the vector-like top partner T. This search
was published in 2020 and using data collected by CMS at the LHC in 2016, corresponding to 35.9
fbo ! of data [94]. Unlike this analysis, the CMS search also includes a search targeting the ! tZ
decay channel. Furthermore, there is an attempt to identify the associated quark, so the results are
presented with two extra con gurations: tHbqg and tHtg. The combination result allows them to
place more stringent limits than a single channel analysis would. The mass range is similar, spanning
up to mr = 2:6 TeV, but with a lower bound of mt = 0:6 TeV. The mass range of 0.6 to 1.2 TeV
is referred to as thelow-mass searchwhile the range ofmt > 1:0 TeV is the high-mass search

Here, large-R jets are de ned with R = 0.8 and small-R jets with R = 0.4. How they choose
to identify top quarks and Higgs bosons make use of a goodness of t on the mass distributions of
multi-jet systems.
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The two largest contributions to the background are multijet and tt+jets, in this order. The
multijet background makes up roughly 23 to 25% of the background estimate uncertainty, and is
estimated using the basic ABCD method without correlation factors. As the ABCD method is also
an important aspect of the analysis presented in this dissertation, a more detailed explanation can
be found in Section 4.4.3. The second highest background contribution is th&t+jets process, which
is estimated using MC samples and accounts for roughly 6% of the background estimate uncertainty.

Their results are presented in terms of the width-to-mass ratio =my, rather than the coupling
parameter 1 that we use. Several values of =m; are presented, from as low as =my = 0:01 up
to =my; =0:3.

The results for justthe T ! Ht channel are presented in Figures 2.8 and 2.9 for thb-quark and
t-quark associated production, respectively. No excess above the Standard Model was detected, and
the lower bound of mt is set to 1.28 TeV for a width-to-mass ratio of =my = 0:3. This limit was
set using results from both theT ! Ht search and theT ! Zt search.

(@ (b)

(©) (d)

Figure 2.8: The observed and median expected upper limits at 95% CL on the cross sections for
production associated with a top quark for the tHbqg channel, for di erent assumed values of theT
guark mass and fractional widths. The widths range from (a) =my = 0:05 at the minimum to (d)

=mr = 0:3. For a speci ed width, the couplings in the model are implicit. The inner (green) band
and the outer (yellow) band indicate the regions corresponding to a con dence interval of 68% and
95% respectively, for a distribution of limits expected under the background-only hypothesis. The
vertical dashed line indicates the crossover point in sensitivity between the low-mass and high-mass
search results.
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Figure 2.9: The observed and median expected upper limits at 95% CL on the cross sections for
production associated with a top quark for the tHtq channel, for di erent assumed values of theT
guark mass and fractional widths. The widths range from (a) =mr = 0:05 at the minimum to (d)

=mr = 0:3. For a speci ed width, the couplings in the model are implicit. The inner (green) band
and the outer (yellow) band indicate the regions corresponding to a con dence interval of 68% and
95% respectively, for a distribution of limits expected under the background-only hypothesis. The
vertical dashed line indicates the crossover point in sensitivity between the low-mass and high-mass
search results.
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Table 2.1: The results of ATLAS searches for the vector-likeT quark using 36 fo . Pair production
and single production of the T quark are distinguished in the equation of the speci c process. No
signi cant excess above the Standard Model prediction has been found in any of these analyses.

VLQ Process Decay Channel Excluded Mass Range [GeV]
TT! Zt+ X [81] Lepton mt < 1340 (BR(T ! Zt)! 100%)
mt < 1210 (Doublet)
mt < 1030 (Singlet)
TT! Ht+ X [82] Lepton + jets mt < 1430
TT! Zt+ X MET + jets mt < 1170
TT! ZtZt [83] Lepton (SSML) mt < 980
TT! ZtHt
TT (T! HtZt;Wb) [84] All-hadronic mt < 1010
TT! WbWb[85] Lepton + jets mt < 1350 (BR(T ! Wh)! 100%)
mt < 1170 (Singlet)
TT! Zt (Z! )+ X [86] | Lepton + jets + MET mt < 870 (Singlet)
mt < 1160 (Doublet)
T! Whb[87] Lepton mt < 1200
T! Zt [81] Lepton t-dependent up tomt < 1600
T! Zt [88] Lepton () t-dependent up tomt < 1500

Table 2.2: The results of ATLAS searches for the vector-likeT quark using 139 fb 1. Both single
and pair production are included in this table and are distinguished in the process. No signi cant
excess above the Standard Model prediction has been found in any of these analyses.

VLQ Process

Decay Channel

Excluded Mass Range [GeV]

TT! Zt+ X [89] Multilepton (OSML) mt < 1600 (BR(T ! Zt)! 100%)
mt < 1460 (Doublet)
mt < 1270 (Singlet)
TT (T! HtZt;Wb) [90] Lepton + jets mt < 1470 BR(T ! Zt)! 100%
mt < 1410 (Doublet)
mt < 1260 (Singlet)
T! Ht [79] Lepton + jets t-dependent up tom+ = 2100 (Singlet)
T! Zt t-dependent up tomt = 1680 (Doublet)
T! Zt(Z! ee; )[80] Multilepton (OSML), t-dependent up tomt < 1975 (Singlet)
253 t-dependent up tomt < 1425 (Doublet)
TT! WbWb[91] Lepton + jets mt < 1360
T! Zt (2! ) [78] MET + jets t-dependent up tomt < 1900
QQ! WagWqg(g= u;d;s) [92] Lepton + jets mg < 1530
T! Whb[93] All-hadronic mt < 1400 at T

=0:5
mt < 1900 at 1 =0:7
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Chapter 3

The ATLAS Experiment

3.1 Large Hadron Collider

This research is performed in association with the European Organization for Nuclear Research
(orig. French: Conseil Europeenne pour la Recherche Nuckaire), better known as CERN. The data
in this analysis was gathered from proton-proton collisions produced at the LHC and detected by
the ATLAS Experiment. Proton bunches are accelerated up to 6.5 TeV for a total centre-of-mass
energyp s=13 TeV.

The full particle accelerator complex consists of a series of accelerators that ramp up the energy
of protons to the target energy of 6.5 TeV. A diagram of the complex is shown in Figure 3.1, which
includes multiple other facilities such as AD [95] and ELENA [96] which serve CERN's antimatter
experiments, and ISOLDE [97] which serve CERN's atomic nuclei experiments. A hydrogen source
provides hydrogen atoms in the form of a gas, which is ionized in an electric eld to produce H
ions. These H ions are then injected to the rst accelerator in the system, LinacZ .

Linac2 is a 36 m-long linear accelerator, making use of radio-frequency (RF) cavities to accelerate
charged particles. It takes H ions, injected with an energy of 45 KeV from the hydrogen source,
and accelerates them up to the nal energy of 50 MeV. At the end, the proton beam is de ected
into the next stage of the LHC injection system, the Proton Synchrotron Booster.

The Proton Synchrotron Booster (PSB) is a synchrotron accelerator and the rst circular accel-
erator in the system. It consists of four separate synchrotron rings of 25 m radius stacked on top
of each other. The incoming beam is de ected into the four rings, where each beam is accelerated
simultaneously. The four beams are then coherently merged upon exit with an energy of 1.4 GeV.

Then the proton bunches enter the Proton Synchrotron (PS), another synchrotron accelerator,
where they are accelerated up to an energy of 25 GeV. The Proton Synchrotron has a radius of 628
m and uses 277 electromagnets to bend and shape the beam along its length.

The Super Proton Synchrotron (SPS) is the penultimate step in the chain, receiving protons
from the PS and accelerating them in yet another synchrotron to energies up to 450 GeV. It uses
1317 electromagnets, including 744 dipole magnets, to bend the beam around its 7 kilometer cir-
cumference.

*As of 2020, Linac2 has been decommissioned and replaced with Linac4; however, since the data in this analysis
is taken from the run period of 2015 to 2018, Linac2 is discussed instead.
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Figure 3.1: The CERN Accelerator Complex. Image taken from CERN [98].

The LHC is the main accelerator of CERN. It is a circular accelerator, roughly 27 km in cir-
cumference. It consists of two adjacent beam pipes, intersecting only at specic collision points
which correspond to the experiments' detectors. Proton bunches traverse each beampipe in opposite
directions, requiring the magnet system to be able to bend and shape both beams at the same time.
A cross section of the beam pipe and dipole magnet system can be seen in Figure 3.2. Unlike the
accelerators in the injector chain, the LHC uses superconducting Nb-Ti magnets [99]. In order to
maximize the magnetic eld strength of the magnets, they are supercooled to a temperature below
2 K, past their superconducting critical temperature of 10 K [100].

Four detectors sit at di erent points along the LHC ring, as shown in Figure 3.1. One of the
four detectors connected to the LHC is A Toroidal LHC ApparatuS (ATLAS). It is optimized for a
wide range of physics goals, improving sensitivity to both SM particles and BSM particles. Special
emphasis is placed on hadronic calorimetry, resulting in higher hadronic calorimetry resolution as
compared to CMS. ATLAS is the detector that is used for this analysis.
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Figure 3.2: A cross-sectional diagram of the LHC beam pipe and dipole magnet system. Image
taken from CERN [101].
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Table 3.1: The beam parameters for the data taking years of 2015 to 2018. Values taken from
References [102{104] Many of these parameters varied throughout the year, and the values given
correspond to the peak luminosity of the given year.

Beam Paramter Design 2015 2016 2017 2018
Ny [10™ protons] 1.15 1.1 1.1 1.1 1.1
ny, [bunch] 2808 | 2232| 2208| 2544 | 2544
frev [kKHZ] 11.245| 11.245| 11.245| 11.245| 11.245
6928 | 6298| 6298| 6298 | 6298

“n [ m] 3.75 2.6 1.8 1.8 1.8
[cm] 55 80 40 30 25

[ rad] 142.5 185 140 120 130
hi N/A 16 41 45 55
L (delivered) [fb 1] N/A 4.0 39.0 50.6 63.8
2 [cm] 7.5 7.5 7.5 7.5 7.5

3.1.1 Beam Luminosity

For a given process with cross-section, the event yield N is given via the equationN =RL . Here,
the symbol L is used to denote the integrated luminosity with respect to time, i.e.L = Ldt.

The instantaneous luminosity for a Gaussian beam distribution, L, is given by the following
equation:

L= NaNefolew o (3.1)
4" q

where Na and Ng are the numbers of protons per bunch,ny, is the number of bunches ,f., is
the revolution frequency of the bunches, is the relativistic Lorentz factor, ", is the normalized
transverse beam emittance, is the beta function, and F is a geometric reduction factor.

The geometric reduction factor F takes on values between 0 and 1, and is given by the for-
mula [102]

F=g—— 3-2)

2
y4
1+2

where is the longitudinal length of the bunch, is the transverse RMS beam size at the IP given
by ", and as above, and is the bunch crossing angle. The parameters for each year of data
taking are shown in Table 3.1.

The luminosity provided by the LHC is measured at the ATLAS detector using the LUminos-
ity Cherenkov Integrating Detector, or LUCID-2 [105], as well as the Beam Conditions Monitor
(BCM) [106]. The hardware of these detectors is covered in Section 3.2.4. Luminosity measure-
ments [104] involve sampling the visible part of inelasticpp collisions. The per-bunch Luminosity is
given by

I—b — f rev. _ visfrev : (33)
inel vis
where is the average number of inelastic interactions per bunch crossing (also known as the pileup
parameter), f e, is the LHC bunch revolution frequency, and i is the cross section of inelastipp
collisions. For measuring luminosity, the visible parameters s and i are used, with s being
determined by van der Meer scans [107] and s determined using the relation = is inel = vis -

24



The value of jne , corresponding to the cross-section of inelastipp collisions, is not precisely known,
but a reference value of j,es = 80 mb is used as a reference value forr) s =13 TeV. The value of

vis IS What is measured by the detectors, and is measured over a nite time interval known as a
Lumi Block (LB) which is a time interval of roughly one minute where data-taking conditions are
assumed to remain stable.

The pileup parameter is a very important quantity in ATLAS. Typically, one is interested only
in the most energetic interaction per bunch crossing, and so contributions from other interactions
result in background noise. This is referred to as in-time pileup, as these less energetic interactions
occur within the same bunch crossing as primary interaction of an event. There is also out-of-time
pileup, which is pileup occurring from adjacent bunch crossings, and is related to the time needed
for a signal to be registered and processed from the detector. Either residual energy from a previous
bunch crossing or energy deposited from the next bunch crossing before a signal can be read out
will contribute out-of-time pileup.

The van der Meer (vdM) scan technique used to determine ,js involves varying the location of
one beam in the transverse plane with respect to the other. This is done in under low luminosity
conditions in order to minimize instrumental and accelerator-related uncertainties. The formula for
the instantaneous luminosity for a single colliding bunch pair is given by

N1Nafrey

Ly = ;
b 2 .,

(3.4)
with  ,, as the convolved transverse beam sizes ir;y, and ny, n, as the number of protons in
each bunch. The values of ,, are varied and the resulting instantaneous luminosity is measured
as a function of the beam separation parameters x; y. Then the target calibration parameter is

given by:
2 x.y.

nin;

. max
VIS T vis

(3.5)

with 72 as the peak visible interaction rate per bunch crossing of the vdM scan.
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3.2 The ATLAS Detector

The mechanism by which one may detect particles is through direct interaction with the instrumented
material. Massive charged particles lose energy traversing through matter, as particles interact with
both the electron shell and the charged nuclei of the atoms in the material. The mean energy loss
per distance traveled of a particle with chargez 6 0 and massm > 0 is given by the Bethe-Bloch
formula [27]:

D, E h i

dE 12 e 211 2mec® ? 2W ()
— = AN amePZ?== ———— ZIn ° max 2 =7 3.6
dx Alle ZA 4 ome® 2 12 7 B9
where = %, Z and A are respectively the atomic number and mass of the mediumW.x is

the maximum possible energy transfer to an electron in a single collision], is the mean excitation
energy, and ( ) is a correction term arising from density e ects. However, the actual energy
loss for a particle traversing through matter is described in a probabilistic manner by a Landau
distribution [108]. This means that the highest probability energy loss is lower than the average,
and this interaction favors numerous small energy loss interactions. The formula given by Eq. 3.6 is
valid for m >>m , so if the particle in question is an electron or positron, additional complications
arise. At higher energies, the dominant process through which electrons and positrons lose energy is
via bremsstrahlung, where the particles radiate photons as they pass through matter. One quantity
that best expresses the energy loss of an electron moving through a uniform material is the radiation
length Xo. It can be expressed as a measurement of distance, usually given in cm, as well as
a characteristic of a material, given in g/cm?. An electron traversing this distance through the
material has its energy reduced by a factor of% on average.

Neutrons, which have no charge, are therefore not subject to Coulomb interactions. Instead, as
they are hadrons, they interact primarily with the atomic nuclei via the strong nuclear force [109].
At low energy (roughly 0.5 eV), neutrons will either elastically scatter o the nuclei or occasionally
be captured. The excess energy imparted from the neutron to the nucleus ends with either emission
of gamma radiation, a charged particle, or ssion. At higher energies (1 MeV or more), the neutron
may inelastically scatter o the nucleus, which also results in the release of radiation. When the
energy of the neutron is substantially greater than 1 GeV, hadronic showering e ects take place. High
energy protons and neutrons (much greater than 1 GeV) can interact with the protons or neutrons
in the nucleus to produce hadrons. Similar to the radiation length, there exists a quantity known
as the nuclear interaction length |, expressed in the same units of g/crf or cm, corresponding to
the mean free path before an inelastic nuclear interaction.

Photons, which are neither charged nor massive, instead have their interactions described in
one of three ways, depending on the energy of the photon [109]. In the low energy regime of 1
to 100 keV, the dominant interaction is the photoelectric e ect. A low energy photon is absorbed
by a bound electron in an atom, freeing it, before being absorbed to form an ion. In the medium
energy regime of 100 keV to 1 MeV, the dominant interaction is Compton scattering. Photons will
scatter o electrons, raising the energy of the electron while lowering the energy of the photon.
For photon energies above 1 MeV, the photon has enough energy to undergo pair production. The
photon will split into an electron-positron pair, using a nearby atomic nucleus as a recoil object.
The presence of the nucleus is necessary due to the fact that, in free space, this process does not
obey conservation of momentum. Photons may also interact with the atomic nucleus via the strong
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force in an indirect manner, by rst creating a quark-antiquark pair. This process is much rarer,
due to the higher energy requirement of the photon in producing a quark-antiquark pair as opposed
to the much lighter electron-positron pair. Similar to the previous process, this also requires a recoil
object. The radiation length X, may also be a useful parameter for photons, as this distance also
corresponds to” s of the mean free path for a high energy photon to undergo pair production.

Neutrinos are neutral and massive, but their weak coupling strength to the rest of the SM results
in a much lower cross section for all interaction processess. As leptons, they do not interact via
the strong force like neutrons do, instead only interacting via weak interactions. Neutrinos may
interact with the protons and neutrons in atomic nuclei, changing one for the other through W -
boson exchange. Due to the low interaction rate, it is not feasible for ATLAS to detect neutrinos,
given both the low interaction rate and large backgrounds from other processes which result in
missing energy. Instead most of these events would appear to not obey momentum and energy
conservation, carried away by the unidenti ed neutrino.

Before any discussion on the ATLAS detector takes place, it is prudent to de ne a set of coordi-
nates. In discussions relevant to ATLAS Detector geometry, the following right-handed coordinate
system is used, with the interaction point of the two beams de ned as the origin:

" R is de ned as the axis pointing towards the center of the LHC ring;

" ¢ is de ned as the axis pointing upwards to the sky, with some tilt with respect to vertical due
to the tilt of the LHC tunnel;

" 2is de ned as the axis along the beamline.

The detector is in principle symmetric about the x-y plane, so the forward section of the detector,
also called the endcap, located in positive s denoted endcap A while the endcap located in negative
2 is denoted endcap C. Using thex-y-z coordinates, we can further de ne another set of coordinates:

" the r- plane is often used in place of thex-y plane, with =0 along the positive ® direction;

~ the polar angle is dened as the angle in thez-y plane, with = 0 along the positive 2
direction;
" the pseudorapidity In(tan( 5)) is more commonly used instead of ;

3.2.1 Inner Detector

The Inner Detector of the ATLAS Experiment is the rst layer of the detector that particles resulting
from the primary interaction will encounter. The aim of the Inner Detector is to provide high
precision measurements of a particle's momentum without a ecting its energy. This is achieved by
tracking the path of charged particles as they move through the Inner Detector, where they are
de ected by a magnetic eld. The entirety of the Inner Detector is subject to a magnetic eld from
the Central Solenoid Magnet. The superconducting magnet system is made of niobium-titanium
wires encased in aluminum strips and cooled to 4.5 K, which provides a2 T eld along the-4irection
that de ects charged patrticles to create curved tracks in the detector. It is the curvature of these
tracks that allow us to measure particle momentum. The entirety of the Inner Detector is shown in
Figure 3.3. The design momentum resolution for the inner tracker isrf—TT =0:05%pr 1% [110].
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