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Abstract

The ATLAS experiment at the LHC has completed its run-2 data collection at
p

s = 13 TeV. An upgrade phase has begun in preparation of the high luminos-

ity LHC. Improvements to the algorithms underpinning data analysis in ATLAS are

researched, with a particular focus on data science techniques and machine learn-

ing. The research carried out focused on b-tagging, the labelling of jets produced by

b decays, and a search for new physics signals in ATLAS data. The use of neutral

tracks in the fit of the b-decay topology in existing ATLAS algorithms was studied.

No major performance boost was observed. Software development efforts were

carried out to improve the design and extensibility of existing b-jet decay topology

fitting algorithms. Research into an RNN based b-jet topological reconstruction

algorithm was carried out. The optimization studies and performance evaluation

techniques are summarized alongside key insights. Such a technique could serve

next to existing b-tagging algorithms at ATLAS. Finally, a search was performed

for heavier version of the Higgs boson using the 139 fb�1 ATLAS data. Such parti-

cles are motivated by several BSM theories. Expected upper limits on the strength

of various signal models are given, and expected exclusion contours at 95% confi-

dence level are drawn for the various parameters of the model.



Impact Statement

The field of particle physics explores the most fundamental equations of laws and

nature. The experimental measurements made by the ATLAS detector are at the

very cutting edge of human knowledge. This work includes an analysis of ATLAS

data in a completely novel final state, which is well motivated as a signal for a new

heavy particle with Higgs-like properties. The results of this analysis will directly

contribute to help answer one of the greatest questions of particle physics: What

lies beyond the Standard Model? Further impacts on the ATLAS data processing

chain are also present in this work. These focus around efforts for the development

of new and existing flavour tagging techniques. A particular focus on Machine

Learning algorithms underpinned this research. The benefits outside of academia

will derive mainly from the technologies developed during this effort. In particular,

the expertise and algorithms developed in the field of AI are expected to be of

significant importance to the future of the world economy.
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Chapter 1

Introduction

The high energy particle collisions at the LHC offer physicists an unprecedented

opportunity to study fundamental physics. Protons are collided at a 13 TeV centre

of mass energy, on average a billion times per second. This big data challenge has

led to the research and use of algorithmic tools such as Machine Learning at the

LHC. The collision events at the LHC are best understood through the Standard

Model of Particle Physics. Much of the research program of collaborations such as

ATLAS is dedicated to investigating the predictions of this model and its limitations.

ATLAS physicists search for new physics, experimental signatures that lie beyond

the predictive power of the Standard Model.

This thesis covers the work of the author as a member of the ATLAS collab-

oration. Personal contributions are particularly found in chapters 6, 7 and 8. The

earlier chapters review all necessary background material. The thesis is structured

as follows.

Chapter 2 conducts a review of the particle physics theory relevant in this work.

The Standard Model of particle physics is presented here, alongside theoretical ex-

tensions under research.

Chapter 3 describes the ATLAS detector and the LHC. This instrument was

used to gather experimental data used in the work.

Chapter 4 focuses on the data processing chain of ATLAS. The physics objects

used in ATLAS analysis are described alongside the format of observed data, and

predicted data from Monte Carlo simulation.
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Chapter 5 is a review of the machine learning tools and theory used in this

work.

Chapter 6 reviews theb-tagging algorithms used in ATLAS, with the author's

contributions to the JetFitter algorithm covered in sections 6.5 and 6.6.

Chapter 7 presents the author's research into topological b-tagging with recur-

rent neural networks.

Chapter 8 describes the search for generic heavy versions of the Higgs boson.

The author was a member of the analysis team behind this work. Attention will be

drawn towards the author's personal contributions to this work.

The work presented here and future outlook will be summarized in chapter

9. As part of the author's research program, a six month internship was carried out

with industry partner Faculty. The author worked on the use of variational inference

and its application to data privacy [1]. This work will not be presented in this thesis.



Chapter 2

Theory

2.1 Particle Physics at ATLAS

The Standard Model of Particle Physics (SM) is the theoretical framework under-

pinning experimental research at ATLAS [2, 3, 4]. It provides a description of

three of the fundamental forces of nature: Electromagnetism, the Weak interac-

tion and the Strong interaction. The SM is a relativistic quantum �eld theory with a

SU(3) � SU(2) � U(1) gauge symmetry. A Lagrangian density is written down con-

strained by these symmetries and the requirement of renormalizability. From here

the dynamics and kinematics are determined, dependent only on 19 experimentally

observed free parameters1.

The phenomenology of the Standard Model is generally expressed in terms of

fundamental particles. The fundamental fermions, having half-integer spin, com-

prise the leptons and quarks. Leptons can interact via the weak force and electro-

magnetism, whilst quarks additionally interact through the strong force. Leptons

and quarks come in three mass generations. The fundamental bosons, having inte-

ger spin, are the force-carrying particles which mediate the strong, weak and elec-

tromagnetic interactions. The Higgs boson, the only scalar particle in the SM, is

the most recently discovered particle [6]. It is responsible for the masses of gauge

bosons through the Higgs Mechanism (see section 2.1.2). The particle content of

1An additional 7 free parameters are usually added to the SM to account for neutrino masses (and
the PMNS matrix). These are not relevant to this work and thus not covered here. For a more full
description see [4].
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Symbol Description Value
me Electron mass 0.511 MeV
mm Muon mass 105.7 MeV
mt Tau mass 1.78 GeV
mu Up quark mass 1.9 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.32 GeV
mb Bottom quark mass 4.24 GeV
mt Top quark mass 173.5 GeV
q12 CKM 12-mixing angle 13.1°
q23 CKM 23-mixing angle 2.4°
q13 CKM 13-mixing angle 0.2°
d CKM CP violation Phase 0.995
g0 U(1) gauge coupling 0.357
g SU(2) gauge coupling 0.652
gs SU(3) gauge coupling 1.221

qQCD QCD vacuum angle � 0
v Higgs vacuum expectation value 246 GeV

mH Higgs mass 125 GeV

Table 2.1: The 19 free parameters of the SM and their current measured values [5]

the SM is summarized in �gure 2.1.

2.1.1 Interactions of the SM

2.1.1.1 The Strong Interaction

Quantum Chromodynamics (QCD) is the quantum �eld description of the Strong

force. The mediator of the strong force is the gluon. Quarks and gluons carry a

color charge that allow them to interact though the strong force, the strength of

this interaction determined by the strong coupling constant,as. The value ofas

can be determined from QCD theory through a mathematical procedure known as

the renormalization group. This leads to the phenomenon of the running ofas,

the value of the coupling strength is dependent on the momentum/length scale2 at

which it is probed. QCD exhibits asymptotic freedom [8], the interaction strength

of the strong force decreases at high momentum (small distance) allowing perturba-

tive calculations. Conversely, at low energy and large length scales the interaction

2The momentum and length scales are inversely related by quantum mechanics.
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Figure 2.1: The particles of the SM [7]

becomes much stronger. This leads to the observed phenomenon of colour con�ne-

ment: particles with a non-zero colour charge cannot exist independently. Quarks

and gluons found in nature are con�ned to colourless hadrons. The two common

forms are mesons, formed of a quark and anti-quark, and baryons, formed of either

three quarks or three anti-quarks3.

Quarks can be produced as the �nal states of interactions in the LHC. The

cross-sections of these interactions can be calculated perturbatively thanks to

asymptotic freedom. The quarks/gluons produced in these events will be observed

as jets, a collimated group of hadronic particles. These jets are produced by the

hadronization/fragmentation of the quark or gluon. The hadronization process can-

not be calculated directly from QCD theory, but is well studied experimentally.

Several different models for the process exist, such as the Lund String Model [9]

used by the Pythia event generator [10]. Experimental observation of hadronization

shows differing behaviour for each quark and gluon [11]. In particular, the heavier

b-quark carries a much larger mean fraction of energy into its �nal b-hadron then

3Three colours (rbg) and three anti-colours (¯rb̄ḡ) exist. A combination of all three colours or a
colour and its anti-colour give a colourless object.
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the lighter quarks. Top quarks decay weakly before hadronization occurs and can

be treated as free particles [12].

2.1.1.2 The Electroweak Interaction

Electroweak theory is the quantum �eld description of electromagnetism and the

weak interaction. Electromagnetism is the force governing interactions between all

electrically charged particles, for a more detailed description see [2, 3, 4]. The weak

interaction is responsible for the decay of fermions between generations. Its force

carrying particles are theW� andZ bosons. The weak interaction allows quarks to

change their �avour through weak decay. It is responsible for the decay of heavy

leptons, such as the muon and tau, and hadrons4, through the decay of quarks.

The electroweak framework contains four fundamental �elds under an

SU(2)L � U(1)Y gauge symmetry. The �elds are denoted�Wm = ( W1
m;W2

m;W3
m) and

Bm. By Noether's theorem, the gauge symmetries entail two conserved quantities:

the third component of weak isospinT3 and weak hyperchargeY. After electroweak

symmetry breaking we obtain theW� andZ boson �elds, which are responsible for

the weak force, and the photon or electromagnetic �eldAm (see section 2.1.2). In

electroweak theory, quarks and leptons gain a weak isospin and hypercharge and

are organised into left- and right-handed chiral doublets or singlets (see table 2.2).

The electric chargeQ = T3 + 1
2Y becomes the conserved quantity after electroweak

symmetry breaking via the Higgs mechanism (discussed in section 2.1.2).

TheW� bosons interacts with the fundamental fermions through the charged-

current interaction. This allows a quark or lepton to transform into its doublet

counterpart, for example a left-handed electron into an electron neutrino (see �gure

2.2). The W boson is unstable and decays rapidly, the W decays and corresponding

4Hadrons can also decay through the strong or electromagnetic forces, those decaying exclusively
by the weak force have longer lifetimes
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Fermion Singlet/Doublet chirality Q T3 Y�
n`
` �

�

L
Left

�
0

� 1

� �
+ 1

2
� 1

2

� �
� 1
� 1

�

�
qu
qd

�

L
Left

�
+ 2

3
� 1

3

� �
+ 1

2
� 1

2

� �
+ 1

3
+ 1

3

�

�
` �

�
R Right

�
� 1

� �
0
� �

� 2
�

�
qu

�
R Right

�
+ 2

3

� �
0
� �

+ 4
3

�
�
qd

�
R Right

�
� 1

3

� �
0
� �

� 2
3

�

Table 2.2: Fermion singlets/doublets and their properties.̀� refers to the leptons
e� ; m� ; t � , n` to the neutrinosne; nm; nt , qu to the up-like quarksu; c; t
andqd to the down-like quarksd; s; b

branching fractions are as follows [5]:

Br(W ! en̄e) = 0:1046� 0:0042� 0:0014; (2.1)

Br(W ! mn̄m) = 0:1050� 0:0041� 0:0012; (2.2)

Br(W ! t n̄t ) = 0:1075� 0:0052� 0:0021; (2.3)

Br(W ! hadrons) = 0:6832� 0:0061� 0:0028: (2.4)

The weak interaction with quarks is more complex. The weak eigenstates of

quarks are mixtures of the mass eigenstates, as determined by the CKM matrix [5]:

2

6
6
6
4

jVudj jVusj jVubj

jVcdj jVcsj jVcbj

jVtdj jVtsj jVtbj

3

7
7
7
5

=

2

6
6
6
4

0:97370� 0:00014 0:2245� 0:0008 0:00382� 0:00024

0:221� 0:004 0:987� 0:011 0:0410� 0:0014

0:0080� 0:0003 0:0388� 0:0011 1:013� 0:030

3

7
7
7
5

(2.5)

The weak decay vertex for quarks thus picks up an extra term from the CKM matrix.

This can be seen from the Feynman diagram in �gure 2.3. Quark decays are greatly

affected by this as the transition rate picks up a factor ofjVi j j2.

2.1.2 Higgs Mechanism

The Higgs Mechanism was introduced to the SM to explain the observed masses of

the W and Z gauge bosons [13, 14, 15, 16, 17, 18]. In gauge �eld theory, simple
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Figure 2.2: Weak interaction vertex with an electron and electron neutrino.

Figure 2.3: A b quark decaying to c via the weak interaction. The b to c vertex picks up a
factorVcb from the CKM matrix.
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mass terms of the form:

L mass= � m2AmAm (2.6)

are not allowed as these are not invariant under a gauge transformation (for exam-

ple the U(1) gauge transformationAm ! Am� ¶mq(x)). Gauge invariance naively

prevents us adding SM mass terms for the W, Z and chiral fermions. The solution is

to introduce a new scalar �eld, the Higgs �eld, with a non-zero vacuum expectation

value. This �eld couples to the gauge bosons and fermions giving them mass in a

gauge-invariant manner.

The Higgs �eld,F is anSU(2) doublet:

F =

0

@
f a

f b

1

A (2.7)

where the complex scalar �eldsf a andf b are written in terms of real scalar �elds:

f a = f 1 + if 2; f b = f 3 + if 4 (2.8)

The Lagrangian for the Higgs �eld is written as:

L F = ( DmF )†(DmF ) � V(F ) (2.9)

with the Higgs Potential de�ned as:

V(F ) = l (F †F )2 + m2F †F (2.10)

The covariant derivativeDm is de�ned according to the gauge symmetry of the

electroweakSU(2)L � U(1)Y sector5:

Dm = ¶m+ i
g
2

s jW
j

m+ iY
g0

2
Bm (2.11)

where theW j
m = ( W1

m;W2
m;W3

m) andBm are electroweak gauge �elds (before sym-

5The Higgs �eld does not, as far as we know, directly couple to gluons.
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metry breaking),Y is the weak hypercharge ands j are the Pauli matrices. Sponta-

neous symmetry breaking occurs when the Higgs potential hasm2 < 0. This leaves

a non-zero vacuum expectation value corresponding to the minimum of the poten-

tial V(F ). It is possible to expand the Higgs �eld in terms of a single scalar �eld,

this is called the unitary gauge:

F =

0

@
0

v+ h(x)

1

A (2.12)

Wherev2 = m2

l . Combining this with the Lagrangian in equation (2.9) and perform-

ing the electroweak symmetry breaking produces:

L F =
1
2

(¶mh)(¶mh)+
g2

4
(v+ h)2(W+

mW� m)

+
1
8

(g2 + g02)(v+ h)2ZmZm+
m2

2
(v+ h)2 �

l
4

(v+ h)4
(2.13)

Where we have used the convention:

W�
m =

1
p

2
(W1

m � iW2
m); (2.14)

Zm =
1

p
g2 + g02

(gW3
m � g0Bm); (2.15)

Am =
1

p
g2 + g02

(g0W3
m+ gBm) (2.16)

Excitations of these �elds give rise to their respective bosons. TheW�
m andZm �elds

give theW� andZ bosons, the electromagnetic �eldAm gives the photon and the

Higgs �eld h gives the Higgs boson. We can read off the mass of the electroweak
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bosons in terms of v:

mW =
1
2

gv (2.17)

mZ =
1
2

v
q

(g2 + g02) (2.18)

mg = 0 (2.19)

mh =
q

� 2m2 (2.20)

2.1.2.1 Fermion Masses

To obtain the fermion masses, Yukawa coupling terms are added to the SM La-

grangian. The Yukawa coupling for a fermionf to the Higgs �eld is:

L Yukawa= � Gf (Ȳ LFY R+ Ȳ RFY L) (2.21)

whereY L=R are the left/right handed fermion isospin �elds (doublet or singlet),

F is the complex scalar Higgs �eld andGf is the Yukawa coupling (determined

experimentally). We can plug in the Higgs �eld from eq. (2.24) and the fermion

doublets to obtain the mass terms. For example, the �rst lepton generation doublets

(n;e)L and(e)R give:

L = �
Ge(v+ h(x))

p
2

(ēe) (2.22)

An additional term is required for the masses of up-like quarks:

L Yukawa;up = � Gf (Ȳ LF̃ cY R+ Ȳ RF̃ cY L) (2.23)

where

F̃ c =

0

@
v+ h(x)

0

1

A (2.24)

The Yukawa coupling terms for each fermion are then determined by experi-

mentally measuringv and the fermion mass6.

6The neutrinos require special consideration as the method for neutrino mass generation is not
currently known. For an example of neutrino mass generation see [5].



2.1. Particle Physics at ATLAS 38

Figure 2.4: The possible Higgs vertices from the SM.f is any massive fermion (leptons or
quarks, but not neutrinos).V is any massive boson (W� or Z)

Table 2.3: The branching ratios of the 125 GeV SM Higgs boson [5].

With the addition of the Yukawa couplings, the SM Lagrangian is complete.

Perturbation theory can give us the Feynman vertices of the Higgs boson (shown in

�gure 2.4). The branching ratios of the most common Higgs decays are shown in

table 2.3.

2.1.3 Heavy Quark Phenomenology

The phenomenology of heavy quarks is of particular importance in this thesis and

is described here. For more detail on the phenomenology of other particles, such as
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leptons, see any of the references [2, 3, 4].

The strong and weak interactions both have important effects on quark phe-

nomenology as detailed in section 2.1.1. The two heaviest quarks, the top (t) and

bottom (b), are of particular interest to scientists at the LHC. The b quark is the

most common decay product of the Higgs boson and the top quark. The top quark,

as the most massive fermion, is important in the searches for BSM physics at high

energy scales.

The t quark is the heaviest known fermion. This leads to its extremely short

lifetime (around 5� 10� 25 s). It decays via the weak force into a b quark, although

the mixing of the CKM matrix means it can very rarely decay to an s or d quark.

The branching ratio fort ! W+ b was measured by the CMS experiment at around

1:014� 0:003 (stat:) � 0:032 (syst:) [19]. This gives the CKM matrix value of

jVtbj � 1, consistent with unitarity. At the LHC, top quarks are therefore expected

to decay rapidly producing a b-jet and a W boson, which will further decay either

leptonically or hadronically.

The b quark is the second heaviest fermion, albeit much less massive than the

top. It might therefore be expected to decay rapidly, however the weak decay of b

is suppressed asjVubj2 << jVcbj2 << 1. Hadrons containing b quarks consequently

have lifetimes of the order 10� 12 s. Combined with their large mass (the b is four

times heavier than a proton), this gives b hadrons a very distinctive signature in col-

lider physics (see section 6). The b hadrons will mainly decay to hadrons containing

c quarks [5], asjVcbj is an order of magnitude larger thanjVubj. The weak decays of

b hadrons not involvingb ! c are called rare decays. These have branching frac-

tions with values around 10� 5 [5]. TheW produced in the b-decay then decays to

hadrons or leptons, this latter is termed a semi-leptonic decay.

2.2 Beyond the Standard Model

There are numerous reasons to look for beyond Standard Model (BSM) physics.

Arguments for BSM broadly fall into two categories. Firstly, the SM is limited

to modelling the behaviour of three fundamental forces and particles at the small
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scale, it is not a complete model of all physics. The second category of arguments

are more philosophical, stemming from desires for naturalness and elegance.

2.2.1 Problems with the SM

2.2.1.1 Gravity

The SM provides no description of the force of gravity. Our current best theory of

gravity is General Relativity. Attempts to express General Relativity as a quantum

�eld theory have so far proven unsuccessful. It can, however, be expressed as an

effective �eld theory up to a certain energy scale. The energy scale at which this

effective �eld description breaks down is known as the Planck mass,MPlanck �

1019 GeV.

2.2.1.2 Dark Matter

Cosmological observations of the universe suggest only 15% of all matter in the uni-

verse is formed from the SM particles. The other 85% of matter appears to only in-

teract via gravity and is thus dif�cult to detect [20]. Evidence for dark matter comes

from many cosmological observations such as gravitational lensing, galaxy rotation

curves, the cosmic microwave background and many more phenomena [21]. The

standard model of cosmology [22], which has general relativity as its mathematical

basis, requires dark matter to �t current observations of the universe.

2.2.1.3 Dark Energy

The standard model of cosmology further predicts 68% of all energy in the uni-

verse is so called dark energy [22]. This energy is responsible for the observed

accelerating expansion of the universe. In the mathematics of general relativity, it

is characterized by the cosmological constant. This can be interpreted as the energy

density of vacuum. The SM currently could offer an explanation through vacuum

energy, quantum �elds have a non-zero energy value at all points in space, however

this gives a value almost 120 orders of magnitude off from the observed value of

dark energy [23, 24].
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2.2.1.4 Neutrino masses

The observations of neutrino oscillations suggest that neutrinos have a non-zero

mass [25, 26]. To introduce a neutrino mass into the SM requires the addition of

right-handed sterile neutrinos or majorana mass terms [5]. To date, no experimental

evidence for either has been found.

2.2.1.5 Hierarchy Problem

The hierarchy problem relates to the observed large difference between the mass of

the Higgs (� 125 GeV) and the Planck Mass (� 1019 GeV). The energy scale of

the physics described by the SM is vastly different to the energy scale of quantum

gravity. This leads to questions of naturalness in a theory where one force is vastly

different to the rest [27]. It further leads to excessive �ne-tuning.

The observed mass of the Higgs would be expected to have contributions at the

order of the Planck scale. Consider a fermion,f , with a Yukawa coupling,Gf to the

Higgs �eld. The Feynman diagram in �gure 2.5 gives a quadratic order correction

to the Higgs mass [27]:

dm2
h = �

G2
f

32p2L 2
UV (2.25)

Figure 2.5: Feynman diagram of the �rst loop correction to the bare Higgs mass from a
fermion f .

The negative sign in eq. (2.25) is due to the the fermion spin-statistics. Every

particle which couples to the Higgs contributes a loop correction. Bosons, such

as the W and Z, contribute similar quadratic loop terms of orderL 2
UV but with a

positive sign. If we take the UV cutoff to be the Planck mass, we �nd a huge �ne-
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tuning of the bare Higgs mass is required to produce the observed value of 125 GeV.

This large �ne-tuning is seen as unnatural, and as an argument for BSM.

2.2.1.6 The Structure of the SM

There are several things about the SM that still puzzle physicists. One is the exis-

tence of three, and only three, generations of fermions. The SM relies on 19 (26

with neutrino masses) free parameters which must be experimentally determined.

Physicists would like to understand the origins of these values and the SM structure,

and many BSM theories attempt to solve this.

2.2.2 Examples of BSM

There exist many examples of BSM theories produced to solved the experimental

and theoretical challenges of the SM. Examples include SUSY [28], which can offer

a solution to the hierarchy problem, or string theory [29], which attempts to recon-

cile gravity and quantum �eld theory. Some of these theories offer phenomenolog-

ical predictions we can search for at the LHC. In experimental research, it is more

common to start with a simpli�ed model that targets a particular signature. This

simpli�ed model could be explained as a consequence of a more complete BSM

model. An example of this is the generic heavy Higgs model in 2.2.2.2.

2.2.2.1 SUSY

Supersymmetry posits that every particle has a so called super partner with different

spin statistics. They differ only by their spin quantum number until a spontaneously

broken symmetry is introduced to allow different masses, such as in the minimal su-

persymmetric Standard Model (MSSM) [28]. Thus all fermions have a bosonic su-

perpartner and vice versa. The new particles introduced by theories such as MSSM

offer potential candidates for dark matter. As an example the neutralino predicted

by MSSM is massive, stable and interacts only through the weak force. This would

make it an ideal candidate for dark matter (as a Weakly-Interacting Massive Particle

(WIMP)). Supersymmetric theories additionally offer a neat solution to the hierar-

chy problem. For example, consider the superpartner,f̃ of the fermion f in section

2.2.1.5. The loop correction to the Higgs mass comes from the Feynman diagram
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in �gure 2.6. This could cancel the mass correction term of �gure 2.5 as it will have

opposite spin statistics and thus the ineraction term has an opposite sign (but equal

couplings), solving the issues of �ne-tuning7.

Figure 2.6: Feynman diagram of the �rst loop correction to the bare Higgs mass from a
superpartner̃f of fermion f

2.2.2.2 Extra Higgs Bosons

In many BSM models such as the MSSM or NMSSM8, multiple Higgs particles are

predicted beyond the 125 GeV Higgs measured at the LHC [28]. It is possible to

predict the phenomenology of a heavy version of the Higgs in a model-independent

way [30, 31, 32]. Suppose there are multiple HiggsSU(2)L �elds such as those

in equation (2.7):(F 1;F 2; :::). Next, add the most generic multi-Higgs potential

V(F 1;F 2; :::). These �elds can mix to produce the mass eigenstates. Consider

the lightest mass eigenstate,F h, and the next-to-lightest mass eigenstate,F H . The

particleh would correspond to the 125 GeV particle observed at the LHC9. The

particleH is the next lightest Higgs particle not yet discovered.

The most general Lagrangian will, in this case, give the following order 4

7This cancellation is not exact in models such as MSSM due to the different masses of super-
partners. A residual �ne-tuning is needed to the order of themf̃ , this is known as the little hierarchy
problem [27]

8next-to-minimal supersymmetric Standard Model
9In general, this doesn't have to be the case.
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couplings to the vector bosons [30]:

L (4)
hWW = r hgmWhWmWm; (2.26)

L (4)
hZZ = r h

gmW

2cos2qW
hWmWm; (2.27)

L (4)
HWW = r HgmWHWmWm; (2.28)

L (4)
HZZ = r H

gmW

2cos2qW
HWmWm (2.29)

whereqW is the weak mixing angle andmW is the W boson mass. The scaling

factorsr h andr H arise as the vacuum expectation values (v.e.v.) and the couplings,

g, are in general different from the SM values. If there are only two Higgs doublets,

then it is possible to write these explicitly [32]:

r h = cos(b � a ) (2.30)

r H = sin(b � a ) (2.31)

Whereb is de�ned from the v.e.v. of the two �elds (v1 andv2):

tanb =

�
�
�
�
< F 0

2 >

< F 0
1 >

�
�
�
� �

�
�
�
�
v2

v1

�
�
�
� (2.32)

anda is a mixing angle relating the Higgs doubletsF 1;F 2 to the neutral scalar

Higgs and heavy Higgs �elds,h andH:

0

@
p

2Re(F 0
2) � v2

p
2Re(F 0

1) � v1

1

A =

0

@
cosa sina

� sina cosa

1

A

0

@
h

H

1

A (2.33)

For a SM-like light Higgsr h must be close to 1.

Dimension-6 effective operators for the heavy Higgs can also be written to

encapsulate physics at a higher energy scale [30]:

L (6)
HVV = å

n

fn
L 2On (2.34)

WhereL is the scale up to which the effective �eld description is valid andOn are
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all the gauge invariant six-dimensional operators. The effective Lagrangian terms

involving the heavy Higgs and the vector gauge bosons are found after electroweak

symmetry breaking10:

L (6)
HWW = gmW

fW
2L 2

�
W+

mnW
� m¶nH + h:c:

�
� gmW

fWW

L 2 W+
mnW

� mnH; (2.35)

L (6)
HZZ = gmW

c2 fW + s2 fB
2c2L 2 Z+

mnZ
� m¶nH � gmW

c4 fWW+ s4 fBB

2c2L 2 Z+
mnZ

� mnH

(2.36)

where s = sinqW and c = cosqW. The termsfW; fWW; fB; fBB are coupling

strengths to be determined experimentally. These follow from equation (2.34) with

the subscripts relating to the �eldsW and B (see section 2.1.1.2 and ref. [30]).

Terms ofO(s2) andO(s4) will be small and could be neglected.

This generic heavy Higgs model leads to the possibility of an experimental

signature in the ATLAS detector at the LHC. The addition of dimension-6 terms

has interesting effects on phenomenology. It enhances the cross-section of certain

production modes, in particular associated vector boson production [31]. This par-

ticular mode has not been searched for as of yet at the LHC. It has a particularly

clean signal (low standard model backgrounds) in its same-sign two lepton �nal

state:HW� ! W� W� W� ! ` � nqq̄` � n. By searching for such a signal with the

ATLAS detector, evidence for an undiscovered heavy Higgs boson could be found.

In the absence of such as signal, limits could be set on BSM model parameters such

as fW and fWW. A search for such a generic heavy Higgs is presented in chapter 8.

10We ignore the triple gauge couplings as ATLAS and CMS have imposed strong constraints on
these [30].



Chapter 3

The ATLAS Detector at the LHC

3.1 The Large Hadron Collider (LHC)

Particle accelerators allow us to study fundamental physics at high energies and

extremely small scales. The Large Hadron Collider (LHC) [33] at the European Or-

ganisation for Nuclear Research (CERN) is the most powerful accelerator currently

in operation. The LHC accelerates beams of protons along two 27km long circu-

lar tunnels using powerful superconducting magnets. These protons then collide at

up to 13 TeV centre of mass energies, with the resulting events measured by three

main detectors along the ring: ATLAS [34], CMS [35] and LHCb [36]. Several

other detectors exist such as ALICE [37], which observes the collision of large ions

also accelerated by the LHC.

The CERN accelerator complex is sketched in �gure 3.1. Protons, from ionised

Hydrogen gas, are �rst accelerated up to 50 MeV by Linac 2. These are then accel-

erated to 450 GeV through the Proton Synchotron Booster (up to 1.5 GeV), Proton

Synchotron (25 GeV) and �nally the Super Proton Synchotron (450 GeV). The

protons are then fed into the LHC, where they are accelerated up to 6.5 TeV. Two

proton beams travelling in opposite directions then collide producing 13 TeV centre

of mass energy events. The protons in beams travel in bunches of up to 1:1� 1011

particles spaced 25 ns apart. Run 2 of the LHC �nished in 2018 delivering 150 fb� 1

of integrated luminosity1 [38].

1Integrated luminosity:L = Nevt=s , wheres is the cross-section of a process, andNevt is the
number of events of this process
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Figure 3.1: CERN's accelerator complex [42]

The large number of protons in a bunch can lead to multiple collision events

per bunch crossing. This helps to boost the luminosity of the LHC but also leads to

pile-up, as the measurement of a collision is affected by other collisions in the same

bunch crossing (in-time pile-up) and other bunch crossings (out of time pile-up)

[39].

The LHC is currently shut down in preparation for run 3 (delayed until spring

2022 due to COVID-19). After run 3, the LHC will be upgraded in preparation

for the High-Luminosity LHC (HL-LHC) [40]. The HL-LHC will see� 200 colli-

sions per bunch crossing for an expected 3000-4000 fb� 1 of integrated luminosity

throughout its scheduled lifetime. In contrast, current run conditions have around

� 40� 60 collisions per bunch crossing [41]. Pile-up effects will consequently

increase.

3.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) detector [34] is a large cylindrical de-

tector with the LHC beampipe running along its central axis. It is a multi-purpose
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Figure 3.2: Schematic of the ATLAS detector [34]

detector and has many components to help study proton-proton collision events.

The three main components are the sub-detectors: the Inner Detector, Calorimeter

System and Muon Spectrometer. These form concentric rings around the beampipe

in the barrel of the detector. Two end caps additionally provide extra coverage for

forward physics. A schematic of the detector is shown in �gure 3.2.

3.2.1 Co-ordinate System

A right-handed Cartesian coordinate system is used for ATLAS with the z-axis

along the beam-pipe, the y-axis pointing up away from the earth's centre and the

x-axis pointing towards the centre of the LHC ring. The azimuthal angle (f ) is de-

�ned starting form the x-axis going around the z-axis. The polar angle (q) is the

angle from the z-axis (q = 0 is along the z-axis). The radiusr =
p

x2 + y2.

The momentum of a particle in Cartesian coordinates is:

p = ( px; py; pz) (3.1)

The transverse momentum is the projection of p onto the x-y plane:pT = jpj sinq.
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Component Angular Coverage Element Size R� f
Resolution

z/R
Resolution

IBL jh j < 2:5 50� 250mm2 8 mm 40 mm
Pixel (barrel) jh j < 1:7 50� 400mm2 10 mm 115mm

Pixel (End Cap) 1:7 < jh j < 2:5 50� 400mm2 10 mm 115mm
SCT (barrel) jh j < 1:4 80 mm 17 mm 580mm

SCT (End Cap) 1:4 < jh j < 2:5 80 mm 17 mm 580mm
TRT (barrel) jh j < 0:7 4000mm 130mm

TRT (End Cap) 0:7 < jh j < 2:0 4000mm 130mm

Table 3.1: Summary of the components in the ATLAS ID. Thez=R resolution refers to the
resolution inz direction for barrel components,R direction for end cap compo-
nents. [34, 43]

A transformation of the polar angle known as pseudorapidity is often used:

h = � ln tan
q
2

(3.2)

This quantity is useful as, in the massless limit, it is equal to the rapidity of a particle,

y = 1
2 ln( E+ pz

E� pz
). Differences in rapidity are Lorentz invariant to longitudinal boosts.

The valueh = 0 corresponds to a particle travelling perpendicular to the beamline,

whilst h ! ¥ corresponds to a particle travelling parallel (or anti-parallel) to the

beamline. A useful distance parameter derived from pseudorapidity and azimuthal

angle is often used:

DR2 = Dh 2 + Df 2 (3.3)

In the massless limit, whereh � y, this quantity is Lorentz invariant to boosts along

the beam direction.

3.2.2 Inner Detector

The inner detector (ID) is the collection of detectors closest to the beampipe. The

ID provides position measurements of charged particles passing through it. The ID

is placed inside a 2 T magnetic �eld causing charged particles to curve as they travel

through it. The components of the ID going radially outward from the beampipe are:

the insertable b-layer (IBL), the pixel detector, the semiconductor tracker (SCT)

and the transition radiation tracker (TRT). The resolution and coverage of these

components are summarized in table 3.1.
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The IBL and pixel detector form four cylindrical pixel layers in the barrel re-

gion, and three disc-shaped pixel layers in each of the end caps. The IBL is the

innermost pixel layer in the barrel at a radius of 30 mm. The three pixel detector

layers in the barrel cover the space 50:5 < r < 122:5 mm. The IBL and pixel detec-

tor, when its end cap layers are included, cover the regionjh j < 2:5. The pixel de-

tector and IBL provide high resolution position measurements close to the primary

interaction point of proton-proton collision events. This is particularly important

not only for track reconstruction but to identify tracks originating from b hadron

decays (see chapter 6). The pixel sizes and achieved resolution are summarized in

table 3.1.

The SCT consists of four layers of pairs of silicon microstrips. Each strip is

� 120 mm in length and the pairs have a separation of 80mm (strip pitch). A

3D position measurement is obtained by angling the strips by 40 mrad from their

common normal. The achieved resolution is 10mm in the transverse direction and

580mm in the longitudinal (see table 3.1).

The TRT is composed of 4mm radius cylindrical gas drift tubes. The space be-

tween these tubes is �lled with polymer �bres (barrel) and foils (end caps). Charged

particles radiate photons as they pass through these materials, more speci�cally the

boundary between materials. The intensity of the transition radiation depends on

the velocity of the particle. This can be combined with a measurement of the par-

ticles momentum to deduce its mass. This helps in particle identi�cation, e.g. the

distinguishing of electrons from pions.

The inner detector has been designed to give a high resolution measurement

of particle tracks. The design target for transverse impact parameter resolution is

10 mm. A 2 T magnetic �eld is applied in the ID. This causes charge particles to

curve allowing for a measurement of momentum. The ATLAS ID has a target track

momentum resolution of:

s pT

pT
= 0:05%pT � 1% (3.4)

The �rst term encapsulates the momentum dependence of resolution, as high mo-
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