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Abstract

This Thesis documents analyses targeting BSM processes in final states containing leptons,
b-jets and missing transverse energy (ErTmSS ) at the ATLAS detector, as well as studies

relevant for the high luminosity upgrade of ATLAS.

The first analysis presented targets the pair-production of a supersymmetric chargino and
next-to-lightest neutralino, decaying via a W boson and SM-like Higgs boson. This analy-
sis used 36.1 fb~! of ATLAS pp data taken between 2015-2016 at a centre-of-mass energy
(v/s) of 13 TeV, and placed exclusion limits on chargino/next-to-lightest neutralino masses
upto 550 GeV for a massless neutralino [1]. An updated search is also presented, using
139 fb~! data taken between 2015-2018, extending the sensitivity upto chargino/next-to-
lightest neutralino masses upto 740 GeV [2]. Preliminary studies using machine learning
classifiers to select this signal from the dominant Standard Model backgrounds are pre-

sented, showing promising classification performance.

In addition, a search for dark matter produced in association with a single top quark
is presented. The result of this analysis is interpreted in the context of an extended Higgs
sector model, where a pseudoscalar mediator couples the dark matter to the Higgs sector.
The analysis used 139 fb~! of data taken between 2015-2018, collected at /s = 13 TeV.
The process was excluded for charged Higgs masses, originating from an extended Higgs
sector New Physics model, upto 1250 GeV for a mediator mass of 100 GeV. The compli-
mentary sensitivity of this analysis to dark matter produced in association with both a
single top quark or a pair of top quarks was evaluated, excluding charged Higgs masses
upto 1400 GeV [3].

Finally, work performed for the upcoming luminosity upgrade is presented. Performance
studies of pixel modules for the ATLAS inner tracker are shown using data collected in test
beams at DESY. The sensitivity to chargino/next-to-lightest neutralino pair-production at
the upgraded ATLAS detector is evaluated using the expected dataset of 3000 fb~! taken
at /s = 14 TeV. Using machine learning classifiers, the expected exclusion limits on the

chargino/next-to-lightest neutralino are set at 1280 GeV for a massless neutralino [4].
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Introduction

Since its inception the Standard Model (SM) of particle physics has withstood huge
amounts of experimental scrutiny. The SM provides a mathematical framework in which
to describe all non-gravitational interactions of the known fundamental particles. With
the discovery of the Higgs boson, a cornerstone of the SM, by the ATLAS and CMS col-
laborations in 2012 [5,6], the SM is complete.

While one cannot detract from the success of the SM’s description of physics at the smallest
scales, there are numerous open questions which have not yet been answered. The reconcil-
iation of gravity with physics at the subatomic scale, the hierarchy problem, astrophysical
evidence of dark matter, and the matter-antimatter asymmetry require explanations from
physics Beyond the Standard Model (BSM). The experiments at the Large Hadron Col-
lider (LHC) have a broad programme of direct and indirect searches for BSM physics.
Aiding in this is the LHC itself, providing pp collisions at /s = 13 TeV at luminosi-
ties around 103*cm?s~!. The huge datasets collected by both ATLAS and CMS, afforded

by the LHC and its excellent performance, provide an ideal environment for BSM searches.

The physics analyses presented in this Thesis target two BSM scenarios; searches for Su-
persymmetry (SUSY) and searches for Dark Matter (DM) production. In both scenarios,
the SM Higgs sector is extended to include an additional Higgs doublet, hence these mod-
els being known as Two Higgs Doublet models (2HDM). SUSY extends the SM with an
additional symmetry in which particles gain ‘superpartners’, particles which differ in spin
by 1/2 from their SM counterpart. The superpartners to the SM gauge bosons and Higgs
mix and form a rich particle spectrum containing charged and neutral states, known as
charginos and neutralinos. The lightest supersymmetric particle (LSP), in this case the
lightest neutralino, is a leading candidate for DM. A search for the weak production of
SUSY particles, specifically a chargino-neutralino pair, decaying to the supersymmetric
DM candidate is performed, through decays involving the SM Higgs and W boson. Aside
from SUSY, by adding a pseudoscalar mediator, a, to a 2HDM model, DM can couple
to the SM extended Higgs sector leading to a rich array of final states. The associated
production of DM with a single top quark, a previously experimentally-uncovered final
state, is studied in the context of the 2HDM+a model.



LIST OF TABLES

Both BSM scenarios studied in this Thesis are experimentally-challenging, due to the low
rate of new particle production when compared to irreducible SM processes. Advanced
signal selection techniques using machine learning (ML) methods are studied, enabling the
efficient selection of signal while substantially rejecting the SM background. The upcoming
High-Luminosity upgrade of the LHC and ATLAS will provide the opportunity to probe
many BSM scenarios to levels never before possible, with an expected dataset of 3000 fb~—?
being collected by ATLAS by the end of operations. To prepare for the HL-LHC phase of
operation, ATLAS will undergo a major upgrade of many detector components. The AT-
LAS inner tracker (ITk) will provide high-precision tracking in conditions where as many
as 200 inelastic proton-proton collisions are expected in each bunch-crossing. The efficiency
of the pixel modules of the ITk are studied after being irradiated to the expected HL-LHC
dose. Combining ML methods with the huge High Luminosity (HL) ATLAS dataset, the
sensitivity to SUSY at the High-Luminosity LHC (HL-LHC) is also studied.

Part I provides an overall introduction in the context of physics models and the ex-
perimental setup. First, a theoretical overview of the SM is given, motivates the need for
BSM physics, and then gives an overview of SUSY and the 2HDM+a model of DM pro-
duction. It also gives a brief description of the LHC along with an overview of the ATLAS
detector. Finally, the datasets used in this thesis are discussed, along with discussion of

the simulation methods and object definitions used in the subsequent Chapters.

Part II describes the core work of this Thesis, encompassing three analyses using pp
data at /s = 13 TeV, presented in separate Chapters. Chapter 6 presents a search for
electroweak SUSY using 36.1fb~! data and subsequently 139fb~!. Chapter 7 presents a

search for DM production in association with a single top quark using 139fb~! data.

Part III presents studies and work relevant for the HL-LHC phase. Chapter 9 illus-
trates the prospect for a search for the electroweak production of SUSY particles using
3000fb~'data at Vs = 14 TeV. Chapter 8 presents work done on the studying the perfor-
mance of hybrid pixel modules for upcoming upgrade for the HL-LHC.
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Chapter 1

The Standard Model and Beyond

This chapter presents an overview of the Standard Model (SM), along with the extensions
to it which form the basis of the analyses in Chapters 6 and 7. The SM is currently our
best description of physics at the smallest scales but does not give a complete description
of some fundamental physical phenomena, which motivates searches for physics beyond
the SM (BSM).

1.1 The Standard Model

The SM is the name given to the theory describing the fundamentals of particle interac-
tions. Since its inception over half a century ago, it has withstood experimental scrutiny,
each time providing a theoretical description of experimental data. The particle content
of the SM was deemed complete in 2012, with the discovery of a particle consistent with
the Higgs boson by the ATLAS [5] and CMS [6] collaborations.

The SM describes matter in terms of quarks and leptons and their interactions via three
of the four fundamental forces through the exchange of force-carriers known as bosons. As
alluded to at the beginning of this Chapter, the SM provides an incomplete description of

physics at the smallest scales, which will be discussed later in this Chapter.

1.1.1 Overview

The SM particles are easily separable into two categories; fermions, which obey Fermi-
Dirac statistics and have half-integer spin, and bosons, which obey Bose-Einstein statistics

and have integer spin.

The fermions are further separable into two families, quarks and leptons, both of which
have three generations. The quarks can be separated into ‘up-type’ and ‘down-type’, hav-

ing electric charge +% and —%, respectively. The ‘up-type’ quarks are the up (u), charm (c)

4
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and top (t) quarks, while the ‘down-type’ quarks are the down (d), strange (s) and bottom
(b). The leptons can be separated into charged leptons and neutral leptons (known as
neutrinos), with the charged leptons having an electric charge of —1. The charged leptons
are the electron (e), the muon () and the tau (7), with a corresponding electron neutrino
(ve), muon neutrino (v,) and tau neutrino (v;). The three generations of fermions are
ordered in increasing mass, with the first generation containing the up and down quarks,
the electron and its corresponding neutrino, the former three of which combine to make
up everyday matter. In the SM neutrinos do not have mass, but experimental evidence of
neutrino flavour oscillations [7] implies that neutrinos are in fact massive, although their

mass hierarchy is not yet clear [8].

Composite particles can be formed from combinations of quarks when they undergo hadro-
nisation. ‘Hadrons’ are defined as bound states of quarks, with mesons being formed from
pairs of quarks and baryons being formed by three quarks. In recent years, more exotic
bound states of quarks, such as tetra-quarks [9, 10] and penta-quarks [11,12] have been
observed by the LHCb collaboration. All quarks except the top quark undergo hadronisa-
tion after a period of time. The top quark, which has a much larger mass than the other
quarks, has a lifetime around 7, = 1072° s and as such decays via the weak force before
it can hadronise. The first generation quarks, i.e. the up quark and down quark, can be
combined to produce protons (uud) and neutrons (udd). Combining protons and neutrons
with the first generation charged lepton, the electron, we give rise to nuclear physics and

all physical matter in our universe.

The SM bosons are responsible for the interactions of the SM particles. Electromagnetic
interactions are mediated by the massless photon (), and only occur between electrically-
charged particles. Gluons (g), massless and electrically-neutral bosons, mediate the inter-
actions between quarks, which carry the colour charge. The W+ and Z° bosons mediate
the weak interaction, which all SM fermions are subject to. Both the W* and Z° bosons
are massive, and acquire their mass through the spontaneous breaking of the electroweak

symmetry, as discussed later in this Chapter.
The particle content of the SM is summarised in Table 1.1.

1.1.2 Mathematical formulation of the SM

The SM is a quantum field theory (QFT) based upon the product of symmetry groups:

SU3)c x SU(2), x U(1)y (1.1.1)

The SU(3)¢c component describes strong interactions, the SU(2);, component describes the

electroweak sector and U(1)y describes electromagnetic interactions.
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Name Symbol Charge (e) Spin Mass
Fermions - Generation-I
Up-quark u +2/3 1/2 216 MeV
Down-quark d -1/3 1/2  4.67 MeV
Electron e -1 1/2  0.511 MeV
Electron-neutrino Ve 0 1/2 <2eV
Fermions - Generation-11
Charm-quark c +2/3 1/2 1.27 GeV
Strange-quark s -1/3 1/2 93 MeV
Muon i -1 1/2  105.66 MeV
Muon-neutrino Uy 0 1/2 <2eV
Fermions - Generation-111
Top-quark t +2/3 1/2 1729 GeV
Bottom-quark b -1/3 1/2  4.18 GeV
Tau T -1 1/2  1.78 GeV
Tau-neutrino vy 0 1/2 <2eV
Bosons
W boson W+ +1 1 80.4 GeV
Z boson Z 0 1 91.2 GeV
Gluon g 0 1
Photon v 0 1
Higgs boson H 0 0 125.1 GeV

Table 1.1: A table describing the charge, mass and spin of the SM particles. Particle
masses taken from [13].

In order to understand the mathematical formulation of the SM, the concepts of groups will
be briefly discussed. A group is a set of mathematical objects, G, along with an operation,

which obey the following ‘axioms’ [14]:
e Closure: For all a,b € G,a-be G
o Associativity: For all a,band ¢ € G, (a-b)-c=a- (b-¢)
e Identity element: An identity element, I, exists such that [ -a=a-1 =a

1 -1

I exists such that a-a ' =a 1 -a=1

e [nverse element: An inverse element of a, a™

The generating set of a group are a subset of the elements of the group which under repeated

application of the operator generate all of the elements of the group. The commutation
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relations of the members of a group are important to know. As a reminder, the commutator

of two elements of a group, a, b is defined as:
[a,b] = (a-b—0b-a) (1.1.2)

Groups where the commutator of any two elements is always 0 are known as ‘abelian’,
while groups where this does not hold are called ‘non-abelian’. Abelian groups have n?
generators of the underlying Lie algebra, while non-abelian groups have n? — 1. While this
seems conceptually-abstract, the number of generators of a group physically corresponds

to the number of ‘force-carriers’ present in a theory governed by that group.

In Equation 1.1.1, U(n) and SU(n) refer to unitary groups and special unitary groups,
respectively. U(n) is the set of n x n unitary matrices (U-U~! = I), and SU(n) the subset
of U(n) which have a determinant of 1. The individual symmetry groups will be discussed
in more details in the following sections, starting with electromagnetic interactions and the

U(1) group.

Quantum Electrodynamics

Electromagnetic interactions are described by Quantum Electrodynamics (QED). These
interactions are unique in the SM, as they have infinite range. We will derive the Lagrangian

describing QED, starting from the Dirac equation for free fermions:

EDirac = w(i’yﬂau - m)w (113)

Due to the U(1) symmetry, QED is symmetric under global phase transformations of the

form:

U(@) = ¥ () = eP(2), Y(z) = P'(x) = e Y(2) (1.1.4)

Under local transformations, where o — a(z), the Lagrangian in Equation 1.1.3 is not

gauge invariant:
WA O = Wy Oyt — Py 0 (1.1.5)

To resolve this, we define the covariant derivative:
D, =0, +ieA, (1.1.6)

Note, with the introduction of the covariant derivative comes the introduction of the vector

field, A, which transforms as:

1
Ay — A=A, — gaua(x) (1.1.7)
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The result of a local transformation on the Dirac equation is now:
WA D — Mt = iy — DyPe Ayt — mabih (1.18)

Rearranging Equation 1.1.6 for J, and substituting in, we see local gauge invariance holds
thanks to the introduction of the covariant derivative. Of particular interest is the term
ﬁy“eAuw, which couples the fermion fields to the vector field, which we associate to the
photon, v, with the coupling constant e corresponding to the electrical charge of the
fermion. To complete the QED Lagrangian, one must add the electromagnetic Lagrangian
to the Dirac Lagrangian. (For concision, we now adopt the Feynman ‘slash’ notation:
?= quau)'

LoED = LDirac + Len = (D —m)y — iF“”F;W (1.1.9)

As the interaction term, introduced by using the covariant derivative, couples fermions to
the photon with a coupling e, QED interactions are only relevant for electrically-charged

fermions. Figure 1.1 shows the QED interaction vertex.

f

f

Figure 1.1: Feynman diagram showing the QED interaction vertex between a fermion and
the photon.

Quantum Chromodynamics

Quantum Chromodynamics (QCD) addresses the interactions between quarks and gluons.
It is governed by the SU(3)c symmetry hence having Ng — 1 = 8 mediators. By virtue of
the symmetry group being a special unitary group, the theory is non-abelian, resulting in
gluons being able to self-interact. Similarly to QED, we begin from the Dirac Lagrangian

and introduce a covariant derivative, in this case defined as:

O = DM = 9165 — iggth G (1.1.10)

where ¢;; is the Kroenecker delta (0 for ¢ # j, 1 for i = j), g the strong coupling constant,
t* = ’\—; the generators of the SU(3)c symmetry group with A% being the Gell-Mann

matrices and G* being the gluon gauge fields. Using the covariant derivative from Equation
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1.1.10, the Dirac equation from Equation 1.1.3 can be rewritten for QCD as
‘CQCD = ﬂj(iyua“éij — m%)wl — gs(i}ﬂ#t?jw)Ga“ s (1111)

where 7 and j index the quarks from 1 to 3 and a indexes the gluons from 1 to 8. Adding
in the kinetic term for the gluon fields and again using the Feynman slash notation, the
full QCD Lagrangian is:

Lacp =B —m)y — MG, (1.1.12)

Equation 1.1.12 is helpful to understand the gluon self-interaction, with 3-gluon and 4-
gluon interactions present in the expansion of the GZVGZ”'.

q g g g

(a) q (b) g 9 (c) g

Figure 1.2: Feynman diagram showing the QCD quark-gluon interaction vertex (a), the
triple gluon self-interaction (b) and the quartic gluon self-interaction (c).

The gauge coupling of QCD depends upon the momentum transfer of a process, Q2,

as follows:
47

QQ
i (+2)

The Q? dependence of oy means the coupling strength “runs” depending on the momen-

95(Q*) = (1.1.13)

tum transfer. At large 2, which corresponds to the high-energy or short-distance regime,
quarks and gluons are treated as free particles. In this regime, perturbative QCD (pQCD)
calculations can be used to make very accurate predictions. In pQCD, calculations pro-
ceed by performing a series expansion in ag, where higher-order terms correspond to the
contribution from Feynman diagrams with additional QCD vertices. Calculating the cross-
section of a QCD process in this way can lead to ultraviolet (UV) divergences arising from
loops in higher-order Feynman diagrams, which requires the introduction of the renormal-
isation scale, R, to remove them. This means the evaluation of «; is dependent upon pg,
which is typically set to the mass of the Z boson, mz, at which the strong coupling has a
value of 0.118.

In the low-energy limit, Q? — AéCD, where AéCD is the energy at which quarks and

gluons hadronise, known as the hadronisation scale, the strong coupling tends to infinity
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and hence perturbative calculations can no longer be used. This results in quarks being
bound together into colour-neutral hadrons, a phenomena known as colour confinement.
Due to the running coupling, when the separation of a quark-antiquark pair is increased,
so does the energy of the strong interaction between them. With increasing separation,
it eventually becomes energetically-favourable to produce another quark-antiquark pair.
This quark-antiquark pair forms colourless, bound states with the initial quark-antiquark
pair. An additional result of colour confinement is that the range of the strong force is

extremely short, around 1fm.

Weak interaction and Electroweak unification

The third force described by the SM is the weak interaction, which describes interactions
between the left-handed fermions and is described by the SU(2); symmetry group. It is
therefore expected that the weak interaction has 3 mediators (from N? — 1); Wﬁ, Wi and
ij . The weak interaction also introduces new quantum numbers known as weak isospin,
T, as well as its third component 75. With these quantum numbers, we can define weak

isospin doublets, using the first generation leptons and quarks as examples:

14 u
A (1.1.14)

er, dr,

Both of the weak isospin doublets shown in Equation 1.1.14 have T' = %, with the fermion
in the ‘upper’ position having T3 = —i—% and the fermion in the ‘lower’ position having
Ts = —3.

An extremely important concept for understanding the weak interaction is chirality. Chi-
rality is an intrinsic property of particles, and determines how they behave in the weak
interaction. The subscript ‘L’ is present as only fermions with ‘left-handed’ chirality (anti-
fermions with ‘right-handed’ chirality) interact via the weak interaction. ‘Left-handed’
fermions, and ‘right-handed’ anti-fermions have T' = % and hence form isospin doublets,
whereas ‘right-handed’ fermions and ‘left-handed’ anti-fermions have T' = 0 and hence are

isospin singlets.

The introduction of weak isospin doublets enables a mechanism for quarks to change flavour
through a charged-current interaction. For example, a ‘down-type’ quark can change into
an ‘up-type’ quark through a transition of 75. The Cabibbo-Kobayashi-Maskawa matrix,

known as the CKM matrix, determines the probability of a quark, ¢, to transition to

10



CHAPTER 1. THE STANDARD MODEL AND BEYOND

another flavour.

d ’Vud‘ ‘Vus‘ ’Vub‘ d
S| = | Vel [Vesl [Vl | | s (1.1.15)
v’ Vial  [Vis| [Vl ) \b

The CKM matrix is almost a diagonal matrix, with the on-diagonal elements being
close to one, while the off-diagonal elements are small but non-zero. Therefore, the most
probable quark flavour transitions are intra-generational, but inter-generation transitions

are allowed.

It was shown by Glashow, Salam and Weinberg that the interaction can be unified with
the electromagnetic interaction, with an overall symmetry group of SU(2);xU(1)y. We
now introduce the weak hypercharge, Y = 2(Q — T3), where Q is the electric charge. At
low energies, the electromagnetic and weak interactions independently explain physical
phenomena, such as hyperfine splitting and 8 decay in nuclei. The unification of these
two interactions into the electroweak interaction must therefore preserve the two separate
interactions at low energy. However, above the ‘unification energy’, the two separate in-
teractions are merged into one. This new, unified interactions has four mediators; two
massive, charged W bosons, a massive, neutral Z and the massless, neutral 7. The in-
teraction vertices of the three massive electroweak gauge bosons are shown in Figure 1.3.
Note, Figure 1.3b shows the interaction of only the negatively-charged W boson inter-
acting with leptons. The SU(2);xU(1)y symmetry group is non-abelian, and thus the

W:t W= A

q (a) q Ly (b) vi f (c) f

Figure 1.3: Feynman diagrams showing the massive electroweak gauge bosons interaction
vertices. Note, as shown in (b), only the W™ couples to the lepton isospin doublet, whereas
for the quark isospin doublets (a) both the W= are involved.

electroweak gauge bosons can self-interact. Similarly to gluons in QCD, there are triple
and quartic self-couplings; WEW¥Z/y, WEWTZ/yZ~v and WIWWW.

As discussed previously, to ensure local gauge invariance of the SM electroweak Lagrangian,

11
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we define the covariant derivative
T . = Y
O —>DME(‘9M+§gT-WM+zg EB“ , (1.1.16)

where Wu and B,, are the gauge fields corresponding to the massless W23 and B bosons,
and g and ¢’ are the couplings, of the SU(2); and U(1)y symmetries, respectively. The
W23 and B bosons must be massless, as the introduction of a mass term to the Lagrangian
would violate gauge invariance. As the electroweak interaction only couples to ‘left-handed’
fermions, we can define projection operators, which project out the left- and right-handed

components of a field:

0 I

1 1

Ir 0
We are then able to write the fermion field as 1 = Pri + Prt) = ¢, + ¥ r. The mass term

in the Lagrangian, ma1), now expands as:

mpy = mpryr + mrr (1.1.18)

The left- and right-handed components of the fermion field, ¢, transform differently under
the SU(2),xU(1)y symmetry and therefore the mass term in Equation 1.1.18 breaks local
gauge symmetry. Therefore, we need to introduce a mechanism by which fermions, and

also the electroweak gauge bosons, become massive.

The Higgs sector

The discovery of the W* bosons [15,16] and Z boson [17,18] in 1983 with masses around
mw ~ 80 GeV and myz ~ 91 GeV, proving there was a mechanism through which the
gauge bosons acquire mass. The Higgs mechanism, first proposed in the 1960’s, provided

such a mechanism by introducing an SU(2);, doublet of complex, scalar fields:

+ .
o [0 L[0T (1.1.19)

$° ) V2 \ s +igs

This doublet has isospin T' = % and hypercharge Y = 1. This field has a scalar potential
defined as:

V(®) = p2®Td + A(BTD)? (1.1.20)

The two terms in Equation 1.1.20 can be identified as a mass term for the scalar boson
and a self-interaction term, respectively. Dependent upon the choices for u? (A > 0), the

potential can take on two shapes; parabolic for y? > 0 and a ‘wine bottle’ potential for

12
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p? < 0. For reasons discussed later, the Higgs potential has p? < 0, and the shape of this
potential is shown in Figure 1.4.

(DA

Figure 1.4: Schematic diagram showing the shape of the Higgs potential, known as the
‘Mexican hat* potential.

The potential shown in Figure 1.4 evidently has a local minima at ¢1, ¢2 = 0. However,

the global minima is at non-zero values of ¢, and is given by:

12
bmin = 1| =55 (1.1.21)
We define v? = p2/\, where v is the vacuum expectation value (VEV) of the the Higgs
field, at =~ 246 GeV. It is convenient to choose the VEVs of three of the four ¢ to zero,

while the remaining field, conventionally ¢s, is given by:

2 _ 2 N2
(0]g3]0)" = v* = 5% (1.1.22)

The choice for the spontaneous symmetry breaking to be done with the field ¢3 is to
allow the photon to remain massless. Expanding the Higgs field around the minima with

¢3 = h + v, we eventually acquire a term for the Higgs mass of myg = /—2u2. Inserting

13
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this field into 1.1.16, we obtain the mass terms for the electoweak gauge bosons:

1
my = igv

1
my = 5 g2 +g’2 v (1.1.23)
my =0

The Higgs Lagrangian contains couplings to not only the electroweak gauge bosons but
also the SM fermions. The strength of the couplings to the fermions are given by yy,
known as Yukawa couplings. This coupling enables the fermions to acquire masses in a

gauge-invariant way through the Higgs mechanism. The mass of a fermion, f, is given by:

(Y

Fermion masses are experimentally-determined, hence determining the Yukawa coupling of
the Higgs to that fermion. The interactions of the Higgs with the electoweak gauge bosons
and SM fermions are shown in Figure 1.5. The Higgs decay branching ratios (BR) depends

W¥/20 f

(a) w/z° (b) f

Figure 1.5: Feynman diagrams showing the Higgs interaction vertices with the electroweak
gauge bosons (1.5a) and SM fermions (1.5b).

both upon the Higgs mass and the Yukawa coupling of the Higgs to the SM particles.
Figure 1.6 shows the Higgs BRs for a SM Higgs boson with a mass in the range, 120-130
GeV. The largest Higgs BR is to a bb-pair, which is important for the analyses detailed in
Chapters 6 and 9.

14
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Figure 1.6: This plot shows the branching ratios of the SM Higgs decaying to SM particles
in the mass range 120-130 GeV. [19]

1.2 Open questions in the SM

The first of the open questions to be discussed is the hierarchy problem. While the SM does
not account for gravitational interactions, it is impossible to have a complete description
of nature, a so-called ‘Grand Unified Theory’ (GUT), without its inclusion. The hierarchy
problem arises when considering a unified theoretical description of all four, fundamental
forces. Gravity is expected to become the dominant interaction at the Planck scale, which
has an equivalent mass of O(10'?) GeV. This is 17 orders of magnitude higher the elec-
troweak scale and the Higgs mass, O(10%) GeV.

The Higgs mass consists of two terms; a ‘bare’ mass and the sum of the virtual corrections
from particles coupling to the Higgs. We treat the Planck scale, Ap, as a cut-off value for
the virtual contributions. Therefore, the physical Higgs mass can be written as:

2 17

|2
m%{ = m%_Lbare + 67773{ = mH’bare — WA% —+ ... (121)

Here, the neglected terms grows logarithmically in A,. Assuming the SM is indeed valid
upto the Planck scale, then the second term is O(10GeV)?, requiring an equally-large
(to 1 part in over 103" orders of magnitude) bare Higgs mass. The Anthropic Principle
is sometimes invoked to justify this ‘fine-tuning’ [20], while extensions to the SM such as

Supersymmetry (SUSY) provide elegant, mathematical solutions to the hierarchy problem.

Within the SM, neutrinos do not have mass, but experimental observation of neutrino

oscillations implies that they do have mass, and that each neutrino flavour is a mixture of

15
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the mass eigenstates. The SM includes only left-handed neutrinos, as described previously,
while all other fermions are present in both left-handed and right-handed spinors. Neu-
trino mass may be explained by the presence of right-handed neutrinos which the SM does
not include. Through the see-saw mechanism, right-handed neutrinos may also provide
resolution to the unnaturally-small neutrino masses, orders of magnitude smaller than the
other fermions. Alternatively, neutrinos may be Majorana fermions, particles which are
their own antiparticle. The origin of neutrino masses and the question of why their mass

is so small require explanation from BSM physics.

On larger scales, there are two troubling issues with the SM. Firstly, the SM predicts
that at the Big Bang, the creation of the Universe, matter and antimatter should have
been produced in equal quantity. If this were indeed true, the matter and antimatter
should have all annihilated into photons (ff — 7), leaving a radiation dominated uni-
verse devoid of matter. However, at the present day, we can see this is not true. This
matter-antimatter asymmetry is unexplained within the SM. The Sakharov conditions [21]
enable the necessary excess of baryons over antibaryons, to be produced, known as baryo-
genesis. The conditions state that a process can result in a matter-antimatter asymmetry
if it violates baryon-number conservation, charge symmetry (C) and charge-parity (CP)
symmetry. BSM models such as SUSY and GUTs can provide additional particles which

satisfy the Sakharov conditions, hence explaining the matter-antimatter asymmetry.

Observations of anomalous gravitational behaviour, such as in the rotational curves of
galaxies, enable us to infer the existence of DM. Since we do not wvisibly observe DM, it is
inferred that DM does not interact electromagnetically, therefore being electrically-neutral.
It is also required for DM to be stable, as its effects are observed from the early universe in
the cosmic microwave background (CMB), the residual radiation from the Big Bang, until

now.

Recent measurements of the DM abundance estimate that pyrh? = 0.1200 £ 0.0012 [13],
meaning that DM makes up as much as 26% of the universe. The only DM candidate
within the SM are neutrinos as they are massive (inferred from neutrino mixing), neutral

and stable. Therefore, neutrinos actually form part of the DM density. However, their

2o mi

contribution can be estimated as Q,h% ~ Sy

DM abundance.

< 0.003, a minor contribution to the total

There are countless proposed extensions to the SM, each of which can provide solutions
to some of the open questions. One way of generating New Physics is to extend the sym-
metries of the SM. One such extension is supersymmetry (SUSY), which is described in
Section 1.3. Another method postulates a DM candidate and couples it to the SM through
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some mediator. Section 1.4 describes one such model.

1.3 Supersymmetry

SUSY introduces an additional symmetry to the SM in which SM fermions can become
bosons and SM bosons can become fermions. An operator. @, is introduced which enables

transformations between bosonic and fermionic states, as follows:

boson) = |fermion
Ql )= ) (1.3.1)
Q |fermion) = |boson) .

The symmetry group of SUSY is of the form SU(3)cxSU(2).xU(1)y xSUSY such that
when a SM particle undergoes a SUSY transformation, the SM quantum numbers are un-
changed. Under this symmetry group, each of the SM particles gains a superpartner with
spin differing by 1/2. The SM particles and their superpartners can be placed into either

chiral multiplets or gauge multiplets.

The

superpartners to the SM fermions have an ‘s’ prepended to their name, short for scalar.

The SM fermions and their bosonic, spin-0 superpartners form chiral multiplets.

For example, the superpartner to the SM top quark is named the ‘stop’ quark. The SM
bosons have ‘ino’ appended to their name, an example of this being the superpartners to
the SM gluon being named gluinos. The SM vector bosons and their superpartners form
gauge multiplets. In order to give masses to all of the particles, SUSY requires two Higgs
doublets with weak isospin Y = 4+1/2. This extended Higgs sector gives rise to four gauge
eigenstates to the Higgs scalars: ]EIU+ , ﬁg, I:IC(I) and ﬁd_. The four eignenstates mix to form
five mass eigenstates: h°, H?, AY and H*. The SM Higgs boson discovered in 2012 is iden-
tified as the lightest CP-even SUSY Higgs, h”, while the remaining mass eigenstates have
much higher masses and are usually assumed to be decoupled. A summary of the chiral

supermultiplets and gauge supermultiplets are shown in Tables 1.2 and 1.3, respectively.

Names Symbol | Spin-0 | Spin-1/2 | SU(3)cxSU(2),xU(1)y

squarks, quarks Q (ar, dp) (ur, dr) (3,2, %)
(3 generations) il up UE (3,1, -2)

d dy, dh, 3.1, %)
sleptons, leptons L (v ér) (ver) (1,2, —3)
(3 generations) € €h e% (1,1, 1)
Higgs, higgsinos H, (H+ HY) | (HF HY) (1,2, +3)

Hy | (H) Hy) | (H) Hy) (1,2, —3)

Table 1.2: Chiral supermultiplets in the MSSM.
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Names Spin-1/2 | Spin-1 | SU(3)exSU(2),xU(1)y
gluino, gluon g g (8,1,0)
winos, W bosons | W* W0 | w+ wo (1, 3,0)
bino, B boson B B (1,1,0)

Table 1.3: Gauge supermultiplets in the MSSM.

Mixing of mass eigenstates

The gauge eigenstates listed in Tables 1.2 and 1.3 are able to mix, resulting in mass eigen-
states which are different from the gauge eigenstates. The gauge and mass eigenstates are

presented in Table 1.4, showing the mixing between the gauge eigenstates.

Names Spin  Gauge Eigenstates Mass Eigenstates
Higgs bosons 0  HJ, HY, HY, H; R, HO A° H*
Charginos 1/2 W*, Hi, H; Xi, X5
Neutralinos 1/2  HY, HY, W°, B° 0, %9, X9, X0
€L, €R, Ve same
Sleptons 0 B, AR, Vy same
TL, TR, Ur T1, T2, Ur
Ur, UR, JL, JR same
Squarks 0 ¢r, CR, 81, SR same
{L, tr, br, bR fy, T2, by, by
Gluino 0 J same

Table 1.4: Table showing the SUSY gauge and mass eigenstates.

As shown in Table 1.4, mixing occurs between the superpartners of the electroweak gauge
bosons and Higgs bosons, the squarks and sleptons. For the squarks and sleptons, the mix-
ing of the SUSY gauge eigenstates is proportional to the mass of their SM counterparts,
and as such is only relevant for the superpartners of the top and bottom quarks and the
tau lepton. The L and R subscripts denote that there are superpartners for both the left-
handed and right-handed fermions, and do not denote the handedness of the superpartners
themselves. The winos, bino and Higgsinos can mix to form a rich spectrum of electroweak
mass eigenstates. The bino, B?, the neutral wino W and the neutralino higgsinos lfIS
and ffg can mix to form four neutral mass eigenstates known as neutralinos. The charged
winos, W= and the charged higgsinos ﬁj and ﬁd_ can mix to form two charged mass
eigenstates known as charginos. The neutralinos are denoted by )Z?, where 1 = 1,2,3,4,
while the charginos are denoted by )Zli, where ¢ = 1,2. By convention, the charginos and

neutralinos are labelled in ascending mass. The lightest neutralino, YY, is generally the

18



CHAPTER 1. THE STANDARD MODEL AND BEYOND

lightest supersymmetric particle (LSP). The production cross-section for squarks, sleptons,

charginos and neutralinos is shown in Figure 1.7. In the R-parity conserving case, the LSP

pp, VS =13 TeV, NLO+NLL - NNLOpprox+NNLL

104
. — 49 —— XX (higgsino)
. efe] — X{ X1 (wino)
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Figure 1.7: Figure showing the production cross-sections for pairs of SUSY particles at
Vs =13 TeV.

is stable while the heavier charginos and neutralinos ()H*L, 23’37 4) can decay through a chain
of decays until a final state containing LSPs and SM particles is reached. The two-body de-
cay chains of charginos and next-to-lightest neutralinos are shown in Figure 1.8, assuming
that the diagrams containing H°, A° and H* are disfavoured compared to diagrams with
hO. In the case that the diagrams shown are kinematically-forbidden, decays can proceed

via three-body decays involving SM fermions.

Unification of fundamental interactions

As previously discussed, it was shown by Glashow, Salam and Weinberg that the electro-
magnetic and weak interactions unify above the electroweak scale, resulting in the combined
electroweak interaction. It is postulated that above some grand unified theory (GUT) scale,
the electromagnetic, weak and strong forces unify. However, in the SM, the evolution of the
couplings of the three forces never converge. SUSY introduces additional particles which
alter the running of the coupling constants, allowing them to unify at the GUT scale. The

running of the couplings are shown in Figure 1.9 for both the SM and SUSY.

Resolution to the hierarchy problem

As previously discussed, the squared-mass of the Higgs boson, m%,, is comprised of two

components; a bare mass, m%l bares and the quantum corrections to the Higgs mass through
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Figure 1.8: Diagrams showing the two-body decays of a
and 1.8¢) and chargino, )Zzi (1.8d, 1.8e and 1.8f).
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fermion couplings, 5m%{. The correction to the Higgs mass for a given fermion, f, is given

by

lys?
oy = Loy [~2A5 + 6miIn (Ap/my)] (1.3.2)

where, m is the mass of the fermion and y; is the Yukawa coupling of that fermion to the
Higgs boson. From Equation 1.3.2, it is evident that the top quark which has y; ~ 1, yields
the largest correction at around 30 orders of magnitude larger than the measured Higgs
squared-mass, meaning there is either a high degree of ‘fine-tuning’ or there are additional
quantum corrections from New Physics. SUSY introduces two scalars for each SM fermion
(one for each of the left- and right-handed fields). The correction to the Higgs mass for a

scalar, S is given by

As

o3 (A7 —2mEIn (A,/ms)] (1.3.3)

2
6mH7f = P

where mg is the mass of the scalar and A\g = \y]%] Assuming that the scalars have the same
masses as their SM counterparts, the quadratic component of the corrections to the Higgs
mass exactly cancel. However, if the superpartners and their SM particles have identical
masses, observations of SUSY particles would have been made long before the LHC. At
the time of writing however, no observation of a SUSY particle has been made. In light of
this, it can be inferred that SUSY must be a spontaneously broken symmetry, in a similar
manner to the electroweak symmetry of the SM. The exact mechanism through which this
occurs is not yet known. However, it is possible to break the SUSY symmetry ‘by hand’

by introducing additional terms in the Lagrangian, as follows:
L = Lsusy + Lsoft - (1.3.4)

In Equation 1.3.4, Lgysy contains all of the Yukawa and gauge interactions, while Lgyg
contains mass parameters which solve the heirarchy problem with a low level of fine-tuning.
Naturalness [22] requires that the supersymmetric partners of the top quark and bottom
quark, as well as the gluinos and Higgsinos, are light and have masses around the TeV

scale.

R-parity

SUSY introduces an additional quantum number, known as R-parity, R,. The R-parity
is constructed using the spin (S), the baryon number (B) and lepton number (L) of the

incoming and outgoing particles from an interaction vertex. The R-parity is defined as:
Rp = (—1)3(B-E)+25 (1.3.5)
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Using Equation 1.3.5, it can be seen that the SM particles all have Rp = +1, while
the SUSY particles have Rp = —1. In SUSY models which conserve R-parity, processes
which violate lepton and baryon number conservation are disallowed, which prevents the
rapid decay of protons to leptons + mesons, a result which is consistent with experimental

observation. The conservation of R-parity has three important consequences:

e The LSP is required to be stable. In models where the LSP is neutral and weakly-

interacting with the SM, it becomes an excellent candidate for Dark Matter.

e Each SUSY particle must decay via a chain containing an odd number of LSPs,

mostly just one.

e SUSY particles are pair-produced in pp collisions.

1.4 Extended Higgs sector and Dark Matter

There are numerous different approaches to study the potential of DM being produced at
the LHC. Effective field theories (EFTs) enable the study of scenarios where the interac-
tions between DM and the SM are mediated by particles which are much heavier than the
energy scale of the interaction, and hence are difficult to reach kinematically. However,
when the scale of the interaction of DM and the SM is similar to the scales accessible by
the LHC, the EFT approach may become invalid. An alternative approach to model the
DM-SM interactions is the use of simplified DM models. Such models should satisfy the

following criteria:

e The DM candidate should be stable, or long-lived enough to escape ATLAS with-
out detection. There must also be a mediator which couples the DM to the SM.

Additional states can exist, but must be decoupled.

e The Lagrangian describing the model should be consistent with Lorentz invariance,

should contain all SM gauge symmetries and allow DM stability.

e The additional interactions introduced in the simplified model should not violate any

of the symmetries of the SM.

A set of simplified models satisfying these conditions is defined in [23], which add a real
or complex spin-0 mediator to the SM. Simplified models make additional assumptions,
such as assuming that the branching ratio of the process under consideration is 100%, or
assuming other BSM particles are decoupled and hence do not contribute. The complex
scalar contains both scalar and pseudoscalar particles, and it is assumed that the scalar
is decoupled. Therefore, the set of simplified models are mediated by a scalar, ¢ or pseu-
doscalar, a.

While DM simplified models have provided an excellent benchmark for DM searches on
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(a)

Figure 1.10: Feynman diagrams showing two of the dominant diagrams for the simplified
DM model, where DM couples to the SM through a scalar (¢) or pseudoscalar (a) mediator
[24].

ATLAS, the models themselves can suffer from theoretical inconsistency with the SM, vi-
olating both gauge invariance and unitarity [25]. The next generation of LHC DM models
builds upon the DM simplified model framework, with the aim of resolving the theoretical
inconsistencies previously described, while extending the phenomenology, such that a wider
range of experimental signatures are available to be probed [26]. Of interest in this Thesis
is the 2HDM+a model, the simplest, renormalisable extension of the simplified model of

DM-SM interactions mediated by the pseudoscalar, a.

The 2HDM+a model introduces the same extended Higgs sector as introduced in Ta-
ble 1.4 for SUSY, with a Higgs sector containing two Higgs doublets, ®; and P9, with the
addition of a pseudoscalar singlet, P. The introduction of an extended Higgs sector with
two scalar doublets can lead to flavour-changing neutral currents (FCNCs), which in the
SM are forbidden at tree-level [27]. Two coupling schemes can be used to avoid FCNCs,
in which each Higgs doublet couples only to certain fermions. With the so-called type-I1
2HDM structure, the up-type quarks (u, ¢, t) couple to one Higgs doublet, ®5, while the
down-type quarks (d, s, b) and charged leptons couple to the other Higgs doublet, ®.
This is realised by setting the corresponding Yukawa couplings to 0; y! = yg, = y% = 0.
To ensure CP conservation in the Higgs sector, the parameters in the scalar potential
are required to be real. As such, the most general, renormalisable scalar potential of the

extended Higgs sector can be written as [28]
V=Vg+Vygp+Vp, (1.4.1)
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where Vi represents the potential for the Higgs doublets,

2 2
Vir = @01 + 1200y + (@] @2+ hie.) + Ay (@) + %o (@)2)

9 (1.4.2)
+ 2 (@@1) (@f@s) + As (@]@2) (@)0r) + [A5 (of@2) + h.c.] ,
Vi p represents the coupling of the Higgs doublets to the pseudoscalar singlet,
Vip = P (ibpcp‘{@ + h.c) + P2 (Aplqﬂqn + AP2<1>§<1>2) : (1.4.3)
and Vp represents the potential of the pseudoscalar singlet,
L 959
Vp = jmyP?. (1.4.4)

Above, p; represent the mass-squared terms, \; represent the quartic couplings, Ap1 , Ap2
represent the quartic portal couplings and both b, and m, are parameters with dimen-
sions of mass. Upon rotation to the mass eigenstate basis, five physical Higgs mass states
are obtained, h°, H?, A and H*, and the previously listed parameters become physical
masses, mixing angles and quartic couplings. Each of the five physical Higgs states has a
corresponding mass parameter, my, mgo, m4 and my+, while the pseudoscalar mediator
has a mass parameter m,. The mixing of the CP-even Higgs states, h and H, is denoted by
the mixing angle «, while the mixing between the CP-odd pseudoscalar A and a is denoted
by 0. The ratio of the VEVs of the two Higgs doublets is denoted by tanf = vy /v, where
v1 = vsin B and vy = v cos B, with v = 246 GeV as described previously. Finally, m,

represents the mass of the Dirac fermion DM, and y, represents the DM coupling strength.
The 2HDM+a model forms the basis for the analysis detailed in Chapter 7, where the

experimental signature and relevant assumptions and parameter choices are described in

the introduction.
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Chapter 2

The LHC and the ATLAS

Experiment

The physics analyses detailed in the forthcoming chapters made use of data collected by
the ATLAS detector, one of the four main experiments situated around the Large Hadron
Collider (LHC) at the European Organisation for Nuclear Research (CERN). CERN is
home to the the largest particle physics accelerator to date, the LHC. Lying beneath the
Franco-Swiss border at a depth of around 100m, it spans a cirumference of almost 27km.
The LHC is a hadron-hadron collider, accelerating counter-circulating beams of protons
(or heavy-ions for a short period every year) to provide collisions at four interactions
points around the LHC; ATLAS, CMS, LHCb and ALICE. This thesis focuses entirely on
proton-proton collisions recorded by the ATLAS experiment.

2.1 The LHC accelerator

The protons for the LHC beams are provided by a bottle of hydrogen gas. Protons are
isolated by applying a strong electric field to hydrogen atoms, stripping away the electrons.
These isolated protons are then transfered to a linear accelerator (LINAC2), where they
undergo the initial acceleration to 50 MeV. Proton acceleration is achieved using Radio
Frequency (RF) cavities. In the Proton Synchrotron (PS), the proton beam is divided into
proton packets known as ‘bunches’, spaced by 25ns intervals, with each bunch <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>