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Abstract

In the search for Dark Matter (DM) at the LHC, Standard Model particles are produced in association
with Dark Matter particles, which are invisible as they do not interact with the detector. Thus events
with large imbalance in transverse momentum are of interest. One such signature is ``+Emiss

T . The
dominant background contributing to the search for Dark Matter in the ``+Emiss

T is ZZ→ ``νν . Cur-
rently, this background is determined using Monte Carlo simulation, with an uncertainty of ≈ 10%.
The goal of this study is to establish a data driven method to estimate this background, and reduce the
uncertainty. Using Zγ → ``γ , which is a process with low backgrounds and has a high BR ∗σ , it is
possible to estimate the ZZ→ ``νν contribution. In regions where pT (γ)�MZ , the two processes
are kinematically similar. They have the same production mechanisms, but differ due to the couplings
of the photon and Z boson to the quarks being different, as well as the difference in mass (photons
are massless, while Z bosons are massive). Introducing a transfer factor R as the ratio σ(ZZ)/σ(Zγ)
which is determined from simulation, the contribution of ZZ → ``νν to the background can be es-
timated from Zγ → ``γ data. The uncertainty on the prediction of R due to theoretical aspects is
estimated in this work.

i
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Chapter 11

Introduction2

Fundamental particle physics has a remarkable goal. It aims to explain the interactions of matter and3

energy with the minimum possible number of mathematical assumptions, with everything else in the4

universe being an emergent property.5

Not only is it remarkably ambitious, the Standard Model, which describes the fundamental parti-6

cles and their interactions [1], is one of the most successful theories developed. It is theoretically7

self-consistent, and has enjoyed tremendous success in providing accurate experimental predictions.8

However, the Standard Model is not a complete theory of fundamental interactions. It does not pro-9

vide an explanation for several observed phenomena, such as gravity, or the accelerating expansion10

of the universe, among others.11

One such question that triggers burning curiosity is the apparent incongruity of galaxy rotation curves12

with the theory of Newtonian mechanics: stars in the arms of spiral galaxies appear to move much13

faster than Newtonian physics would predict. Either the current understanding of mechanics is in-14

complete, or there is more mass present somewhere in the galaxy that is not visible by any method15

that is currently employed. This invisible hunk of matter is what is termed as Dark Matter (DM).16

Detailed observations of these rotation curves, along with measurements of other phenomena such as17

gravitational lensing by distant galaxies, galaxy clusters, and Cosmic Microwave Background (CMB)18

lead to the conclusion that, if the Dark Matter hypothesis is true, the amount of visible Baryonic19

matter in the universe is a mere 4%. Dark Matter and Dark Energy make up the remaining 96% of the20

universe.21

Now it becomes important to address the question: what exactly is Dark Matter?22

Several extensions to the Standard Model, called Beyond Standard Model (BSM) theories, attempt to23

provide an explanation of these observed phenomena. Dark Matter has not been observed to interact24

directly through the electromagnetic force, and are thus invisible to current detectors. Consequently25

candidates particles for Dark Matter are called Weakly Interacting Massive Particles (WIMPs). In26

LHC experiments, events with WIMPs in the final state show up as an imbalance in the momentum27

in the plane transverse to the beam (referred to as Emiss
T throughout this thesis).28

One such BSM theory postulates that these Dark Matter candidate particles may couple to Standard29

Model particles in interactions mediated by the Higgs boson. Fig 1.1 illustrates some of the possible30

processes for the production of the Higgs boson. The Higgs boson can then decay into invisible31

particles.32
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Figure 1.1: Feynman diagrams for the Standard Model production of the Higgs boson; VH: Higgs
produced in association with a W/Z boson (top left), ggF: gluon-gluon fusion (top right), VBF: vector
boson fusion (bottom left), ttH: (bottom right).

High energy collision experiments are a method to experimentally investigate the predictions made33

by particle physics in a controlled manner. Several other kinds of detector experiments, both passive34

and active, investigate phenomena such as neutrino flavor oscillations and direct dark matter searches.35

The Large Hadron Collider (LHC), built and operated by CERN, is a proton-proton (and heavy ion)36

collider located in Switzerland and France, is the largest such collider in the world. It has provided37

invaluable data since commencing operations in 2008, providing experimental confirmation for phe-38

nomena such as the Higgs boson.39

In this thesis, a closer look is taken at the production of a Higgs boson in association with a Z boson,40

where the Higgs boson decays invisibly into Dark Matter particles, and the Z boson decays into a41

dilepton pair. The signature of such a process is two same flavor, oppositely charged leptons, and42

an imbalance in event momentum (``+Emiss
T ). A possible search in this channel would constitute43

stacking all known Standard Model processes that contribute to the ``+ Emiss
T signal (making up44

the background) and look for excesses in data which will indicate the presence of BSM processes.45

In this thesis, the ZZ → ``νν process is studied, which constitutes the dominant Standard Model46

background in the ``+Emiss
T final state. However, it is difficult to discriminate between the Standard47

Model ZZ→ ``νν and ZH→ `+`−+Emiss
T , the process under consideration, because of the identical48

final state. Thus, an attempt is made to estimate it using alternate processes with clean signals.49

This chapter gives an overview of the Standard Model, its constituent matter particles, forces, and50

their interactions. It also delves into the shortcomings of the Standard Model, and introduces some51

ways in which Dark Matter is probed at the LHC. Chapter 2 describes the LHC, as well the ATLAS52

detector, where high energy collisions experiments are carried out. Chapter 3 discusses the theoretical53

aspects of investigating the ZZ → ``νν contribution, and details the approach taken, and chapter 454

presents the results obtained.55

1.1 The Standard Model56

The Standard Model is the theory of particles, fundamental forces, and interactions that govern the57

universe. It describes three of the four forces: the electromagnetic, strong and weak forces. The58

Standard Model is formulated using the framework of Quantum Field Theories (QFT), which describe59

particles as excitations of an underlying field.60

Throughout this thesis, the Lorentz-Heaviside system of units is used, such that c = h̄ = 1 (where c is61

the speed of light, and h̄ = h/2π is the reduced Planck’s constant), and thus these units do not show62

2



up in equations. Ref [1] is the reference textbook for much of this section.63

1.1.1 Matter and Forces64

In the Standard Model, matter is made up of fermions and bosons. Fermions are particles with half-65

integer spin, and interact through the exchange of gauge bosons, which have integer spin. All fun-66

damental Standard Model fermions have spin 1/2. The Standard Model gauge bosons which mediate67

the interactions between particles have spin 1. The Higgs boson is a scalar boson, and has spin 0.68

Figure 1.2 shows a schematic representation of the elementary particles in the Standard Model.69

Figure 1.2: A schematic representation of the Standard Model [2] of particles. The table shows the
three generations of fermions (classified as quarks and leptons) that make up all known matter in the
universe, and bosons that mediate interactions, and are thus responsible for ‘forces’.

All particles, except the neutral bosons (with no electromagnetic charge) have a corresponding an-70

tiparticle, which has the same properties, except with an opposite electric charge.71

Fermions are divided into two categories: leptons and quarks. There are six flavors of leptons and72

six flavors of quarks. All the quarks, and three flavors of leptons are electrically charged, and thus73

participate in electromagnetic interactions. Electromagnetic interactions are described by Quantum74

Electrodynamics (QED) [3], a QFT. QED describes interactions in which two electrically charged75

particles exchange a photon. The photon is a spin-1 gauge boson, is electrically neutral, massless, and76

mediates electromagnetic interactions. Figure 1.3 shows the fundamental interaction vertex in QED,77

3



the interaction between two charged fermions and the photon.78

Figure 1.3: Feynman diagram showing the fundamental interaction vertex in Quantum Electrodynam-
ics. Charged fermions ( f ) interact via the exchange of a photon (γ), reproduced from Ref [1].

Quarks come in 6 flavors, which are divided into 3 ‘generations’ having progressively higher masses;79

the up and down (u and d) are first generation quarks, charmed and strange (c and s) are second gener-80

ation quarks, top and bottom, or formerly, truth and beauty, (t and b) belong to the third genearation.81

Up-type quarks (u, c and t) have an electric charge of +2/3e (where e is the unit of electronic charge,82

equal to 1.6×10−19 Coulombs), while down-type quarks have an electric charge of -1/3e. Quarks are83

the fundamental particle that form composite particles called hadrons; bound states of qq̄′ are called84

mesons, and qq′q′′ bound states are called baryons. Protons (bound state of uud) and neutrons (bound85

state of udd) are the most familiar examples of baryons.86

Hadrons are bound together by the strong nuclear force. The strong interaction is described by the87

theory of Quantum Chromodynamics (QCD). In QCD, the strong interaction is mediated by gluons,88

which, like the photon, are massless spin-1 gauge bosons. However, unlike the photon, gluons do not89

carry electric charge. Instead, they carry an analogous color charge. There are three types of color90

charge, dubbed “red”, “green” and “blue”. These titles are arbitrary, and have been chosen under the91

heuristic that all naturally occurring states must be “colorless”. Thus, a baryon must have three quarks92

such that red, green and blue occur in equal measures, or meson must have a quark and antiquark such93

that the color and anticolor cancel out. This leads to the implication that a color charged object cannot94

exist in isolation, a phenomenon known as confinement [4].95

Quarks interact through the strong force, and they are the only fermions to do so. Quarks, like gluons,96

carry color charge and can interact with gluons. Gluons have several interesting properties; they are97

massless, have no distinct antiparticle, and are capable of self interaction, as shown in Figure 1.4.98

These properties lead to gluons splitting and radiating infinitely. Such interactions occurring in the99

vicinity of quarks result in the strength of the strong force changing inversely as a function of the100

distance between interacting quarks, i.e. quarks that are close to each other interact less strongly101

than quarks that are further apart. When quarks are separated, the potential energy arising from the102

strong force increases until it is energetically more favorable for the production of a quark-antiquark103

pair from the vacuum, screening the quarks, than it is to maintain the separation between them. This104

process, where a color-charged particle will cause other color-charged particles to be produced from105

the vacuum until the resulting bound state is color-neutral, is known as hadronization, and results106

in single quarks or gluons from the hard interaction point forming “jets” of several hadrons in the107

detector.108

Confinement explains why isolated quarks or gluons have never been observed, and why the strong-109

interaction is short ranged despite being mediated by the massless gluons. The property of strongly110

interacting particles, that at small distances of the order of less than a femtometer they basically act111

as free particles, is known as asymptotic freedom. At these scales, quarks and gluons may be treated112

individually rather than as a bound state.113
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Figure 1.4: Feynman diagram showing the fundamental interaction vertex in Quantum Chromody-
namics. reproduced from Ref [1]. The quark-quark-gluon vertex (left) shows the gluon mediating the
interaction between two up quarks, with their color content visible, to illustrate the conservation of
color charge. Gluons are also capable of self-interacting, leading to three- or four-gluon interaction
vertices (center, right).

The other family of fermions, leptons, also form three generations. Each generation consists of114

an electrically charged lepton, and its corresponding electrically neutral neutrino; i.e. electrons (e),115

muons (µ) and taus (τ) (in increasing order of mass), which have an electric charge of -1e, and their116

correspondingly flavored neutrinos (νe, νµ and ντ ). Neutrinos, assumed by the Standard Model to117

be massless, have been observed to oscillate between flavors [5–7], implying that they have small118

masses, but which have not been measured. Tau leptons are the heaviest at 1.78 GeV, and decay119

rapidly, having a mean lifetime of 2.9×10−13 s in their rest frame. Muons have a mass of 106 MeV,120

about 200 times heavier than that of the electrons (0.511 MeV). Muons, however, decay with a mean121

lifetime of 2.2µs, which is long compared to the time scales in collider experiments, and are stable122

enough to pass through the detectors intact.123

All leptons interact through the weak nuclear force. As neutrinos have no electric charge, they only124

participate in Standard Model interactions through the weak interaction, thus making them difficult125

to detect. Collider experiments do not even attempt to detect neutrinos. Instead, their presence is126

inferred through momentum imbalance (as they are invisible to the detectors).127

There are two kinds of weak interactions; charged-current and neutral-current interactions. The Z bo-128

son, an electrically neutral, spin-1, massive gauge boson, mediate neutral-current weak interactions.129

Such interactions are analogous to electromagnetic interactions. However, there are notable differ-130

ences. The Z boson is massive (having a mass of 91 GeV), whereas the photon is massless. This limits131

the range of the interaction, as the Z boson decays, and has a mean lifetime of the order 10−25s. The132

fact that the Z boson is massive gives it longitudinal polarization modes [8] as well, which the photon133

does not possess. The Z boson also mediates interactions between neutrinos, which the photon does134

not as neutrinos are electrically neutral. Also, weak interactions do not respect Parity (P) symmetry.135

The coupling strengths of the Z boson to fermions depends on their flavor and helicity, with left-136

handed fermions and right-handed anti-fermions coupling more strongly than right-handed fermions137

and left-handed anti-fermions. In fact, the Z boson does not couple at all to right-handed neutrinos.138

However, neutral-current interactions still respect combined charge and parity (CP) symmetry.139

A slight digression to define helicity is warranted at this point. Helicity is defined as the projection of140

a particle’s spin vector onto its momentum vector. If the helicity is positive, the particle is considered141

to be right-handed. If it is negative, the particle is considered to be left-handed.142

Charged-current interactions are mediated by the W+ and W− bosons, which carry an electrical143

charge. Charged-current interactions do not respect parity symmetry either, and are in fact maximally144

parity violating; the W bosons only couple to left-handed fermions and right-handed anti-fermions.145

Therefore, as neutrinos only interact weakly, and neither the Z nor W bosons interact with right-146

handed neutrinos, there does not appear to be a reason for right-handed neutrinos to exist within147
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the Standard Model. Charged-interactions do no respect the combined CP symmetry either, unlike148

neutral-current interactions. This CP violation occurs at a small but measurable rate. The first evi-149

dence of CP violation was provided by the Fitch-Cronin experiment [9], in 1964, in the neutral kaon150

system, before the theory of the weak force was even completely formulated. After its formulation, it151

was apparent that CP violations arise from a complex phase in Cabibbo-Kobayashi-Maskawa (CKM)152

matrix [10], a unitary 3×3 matrix shown in Figure 1.5. Charged-current weak interactions are capa-153

ble of coupling quarks from different generations, the degree of which is given by the CKM matrix.154

A complex phase in the elements of this matrix is what gives rise to CP violation.155 d′

s′

b′

=

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

d
s
b


Figure 1.5: The Cabibbo-Kobayashi-Maskawa matrix that shows the degree of mixing among the
quark flavors. Charged-current weak interactions, mediated by the W bosons, allow coupling of
quarks between two generations, causing the eigenstates of the weak interaction d′, s′ and b′ to be
superpositions of the observable mass eigenstates d, s and b.

CP violation has subsequently been confirmed in several meson decays [11–16].156

Continuing the analogy between the electric charge and the color charge to the weak interaction as
well, the quantum number for the weak interaction is the three-component weak isospin, T i. It is typ-
ically defined such that T 3 is the measure component, and may be treated as the weak charge. Weak
isospin is conserved in electromagnetic, strong and fermion-fermion weak interactions, however in-
teractions involving the Higgs field change this isospin of particles. Electric charge Q, however, is
always conserved, and is described in terms of the weak isospin T 3 and the weak hypercharge (the
quantum number corresponding to the U(1) gauge symmetry) YW .

Q = T 3 +
1
2

YW

The connection between the electromagnetic and weak forces, and the similarities between weak157

neutral-current interactions and QED hint at unification, and indeed the Standard Model unifies the158

them into a single electroweak force. The differences between electromagnetic and weak interactions,159

such as the mass of weak gauge bosons, arise from electroweak symmetry breaking.160

The strong, weak and electromagnetic forces can be described by the SU(3)× SU(2)×U(1) local161

gauge symmetry group, where the SU(3) symmetry group describes the strong interaction, and the162

electroweak interactions are based on the SU(2)×U(1) symmetry group. There are 8+3+1 generators163

associated with this model, each generator corresponding to a vector boson. Thus, there exist 8 gluons164

for the 8 generators of the SU(3) group. The interaction of the scalar Higgs field with the vector fields165

W+, W−, W 0 and B causes the spontaneous breaking of the SU(2)×U(1) symmetry, resulting in 3166

massive and one massless gauge boson. It also implies the existence of a neutral scalar boson, known167

as the Higgs boson, which was discovered in July 2012 [17,18]. The 3+1 generators of SU(2)×U(1)168

correspond to the W+,W− and Z bosons, massive vector bosons , and the massless vector boson γ169

(photon).170

Vertices in Feynman diagrams, such as in Figures 1.3 and 1.4, correspond to a coupling between171

the particles, which is quantified by a coupling constant. The coupling constant in electromagnetic172

interactions is called the fine structure constant α . It is a dimensionless constant, and arises from the173

ratio of the interaction energy between two electrically charged particles to the energy of a photon,174

and is approximately equal to 1/137. In strong interactions, this coupling is denoted by αS, and is very175
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different from the electromagnetic coupling constant. The strong coupling αS changes as a function176

of distance (or equivalently, the energy scale of the interaction), with it having a larger magnitude177

at larger distances (small interaction energy scales), and is small at distances smaller than a nucleon178

(high interaction energy scales), leading to strongly interacting particles behaving as though they are179

free; the origin of asymptotic freedom. This scale dependence is known as the running of the strong180

coupling constant. The value of the strong coupling constant at lengths scales of about the separation181

of nucleons (≈ 10−15 m) is ≈ 1. The weak interaction has an extremely short range. Thus the weak182

coupling constant, evaluated from the lifetime of a muon, and has a coupling of strength of between183

10−7−10−6. Thus, at length scales of the order of femtometers (10−15 m), the electromagnetic, weak184

and strong coupling strengths are in the ratio (up to the closest order of magnitude) 10−2 : 10−6 : 1.185

The strong coupling αS is small at high interaction energy scales due to asymptotic freedom, and186

thus processes that occur at such energies may be calculated perturbatively, in a framework called187

perturbative QCD (pQCD).188

Predictions in pQCD are made in terms of the renormalized coupling αS(µ
2
R). When µR is taken to189

be close to the momentum transfer scale Q of a process, the strong coupling constant αS(µ
2
R ' Q2)190

indicates the strength of the strong interaction in the process. Renormalization is required to address191

low and high energy divergences (infrared, IR, and ultraviolet, UV, divergences respectively). µR192

and µF are the renormalization and factorization scales, arbitrary and unphysical parameters used to193

absorb the effects of the UV and IR divergences respectively. Renormalization is briefly discussed in194

Section 3.6195

The strong coupling satisfies the following renormalization group equation (RGE):196

µ
2
R

dαS

dµ2
R
= β (αS) =−(b0α

2
S +b1α

3
S +b2α

4
S + ...) (1.1)

197

where the bi are the loop-coefficients of the coupling αS, and µR is the renomalization scale, of198

which αS is a function. The minus sign on the right hand side of Equation 1.1 dictates that the199

strong coupling constant becomes small for processes involving large momentum transfers, and is the200

source of asymptotic freedom. For such processes, αS is sufficiently small to be treated perturbatively,201

and this theoretical framework is called perturbative QCD (pQCD). Calculations for most processes202

occurring at high momentum transfer scales can be simplified by only calculating up to a fixed order.203

Each interaction vertex in a Feynman diagram translates to a term featuring the corresponding cou-204

pling constant in the transition amplitude of the process from initial state to final state. The order of205

a coupling constant in a process is the number of times the vertex features in the transition amplitude206

i.e. a process having two strong vertices can be described as O(α2
S ). For interactions that take place at207

low interaction energies, the electromagnetic and weak coupling constants are much smaller than one.208

Thus, Feyman diagrams with more weak or electromagnetic vertices contribute less than lower order209

diagrams, and may be treated perturbatively. Higher order Feynman diagrams with strong vertices,210

however, must be at high interaction energies to be treated perturbatively. In perturbative expansions,211

the term with the highest contribution is known as the leading order (LO) term; the term with the next212

highest contribution is called the next-to-leading order (NLO) term, and so on.213

Considering that the electromagnetic and weak forces have been unified into the electroweak force,214

it is speculated that there exists an energy scale where all the coupling constants are expected to be215

identical. This idea of the unifying all the forces at some scale known as the “Grand Unification”216

scale is unproven as of now, and the value of this scale is not known. In perturbative QFT, often217

divergences are encountered when calculating the cross section. To remove these divergences, terms218

dependent on the momentum scale of the interactions are introduced. The coupling constants then219

depend on this scale as well.220
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1.2 Inadequacies of the Standard Model221

Despite its immense success, the Standard Model does not paint a complete picture of everything that222

we observe. It does not account for several phenomena that are experimentally observed, such as:223

• Dark Matter and Dark Energy: Cosmological observations, such as galaxy rotation curves,224

do not match predictions based on the visible amount of mass in the universe. A fit with225

the observations predicts additional invisible matter, called Dark Matter [19]. Similarly, the226

universe is expanding at an accelerating rate, which hints at the existence of Dark Energy [20].227

The Standard Model does not account for exotic matter such as these. In fact, the Standard228

Model only accounts for about 4% of the content of the universe [21, 22].229

• Hierarchy problem [23–26]: Quantum corrections to the Higgs boson mass are divergent, and230

force it to be very large. However, the ATLAS and CMS collaborations measured the Higgs231

boson mass to be rather light, at 125 GeV [17, 18]. There appear to be some extraordinary fine232

tuned cancellations that make this mass so small.233

• Matter-antimatter asymmetry: Matter and antimatter should have been created in equal quan-234

tities at the moment of the Big Bang. However, the universe appears to be almost completely235

made out of matter, indicating that in the initial state of the universe, this symmetry was bro-236

ken [27].237

• Neutrino masses: In the Standard Model, neutrinos are assumed to be massless. However,238

neutrino oscillations have been observed [28], which are only possible if neutrinos have mass239

[29].240

• Gravity: The Standard Model is incompatible with general relativity [30]. It does not provide241

an explanation for gravity.242

The Standard Model is incomplete, and thus requires modifications or additions to it, which are243

collectively called Beyond Standard Model (BSM) theories.244

1.2.1 Dark Matter245

Cosmological observations of galaxies made over the decades, such as the velocity curves of galaxies246

(called galaxy rotation curves) indicate an anomaly; the stars in the arms of spiral galaxies appear to247

move faster than what would be expected from Keplerian relations, using the visible mass from the248

galaxies. Figure 1.6 shows the two rotation curves, expected and observed, of NGC 6503, a field1
249

spiral galaxy. [31]250

1Field galaxies do not belong to a large cluster, and are thus gravitationally isolated
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Figure 1.6: Velocity of stars in NGC 6503, a field spiral galaxy, as a function of radial distance from
the center of the galaxy [31]. The ’Luminous’ curve is what would be expected from the visible mass,
but what is observed is much higher, indicating excess invisible matter.

Either the current understanding of Newtonian Mechanics is incomplete, or there is additional mass251

that is not visible which is contributing to the mass term in Newton’s equation. This invisible mass252

is what is termed as Dark Matter. Ergo, Dark Matter appears to interact gravitationally, but not253

electromagnetically, with visible (Standard Model) matter. It is possible that Dark Matter is made up254

of and exotic and hitherto undiscovered kind of matter, and searches are underway at the LHC to look255

for Dark Matter via its interactions with the Standard Model.256

There is additional cosmological evidence supporting Dark Matter, such as gravitational lensing of257

distant galaxies, structure formation in the early universe, anisotropy in the cosmic microwave back-258

ground, etc.259

1.2.2 Beyond the Standard Model260

Several extensions to the Standard Model have been proposed that attempt to address some of its261

inadequacies.262

Supersymmetry (SUSY) adds another symmetry to the Standard Model, predicting the existence of263

supersymmetric partners called sparticles, to Standard Model particles. For example, sleptons are264

supersymmetric partners to the corresponding leptons, and differ by spin 1/2. SUSY would also265

resolve the hierarchy problem by ensuring that the divergences would cancel out at all orders in the266

perturbation expansions, if the superpartners have mass near the electroweak scale (broadly, between267

100 and 1000 GeV).268

The observation of neutrino oscillations implies that neutrinos have mass, however, these observa-269

tions can only reveal the mass difference between the different neutrino flavors. The absolute mass of270

the neutrinos has been constrained to have an upper limit of 2 eV, much smaller than the lightest Stan-271

dard Model particles, by precision measurements of tritium decays. To incorporate neutrino masses,272

an extension to the Standard Model, the see-saw mechanism, introduces right handed neutrinos and273

couples them to left-handed neutrinos with a Dirac mass term.274
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Both SUSY and the addition of a sterile right-handed neutrino to the Standard Model are extensions275

that could provide possible candidates for Dark Matter. These candidates are known as Weakly Inter-276

acting Massive Particles (WIMPs). They do not interact electromagnetically, and are thus invisible to277

most detectors.278

BSM theories propose experimental predictions which, if observed, could confirm that Dark Matter279

does exist and provide insight into its nature and properties.280

Dark Matter searches at the Large Hadron Collider281

As Dark Matter does not interact electromagnetically, any Dark Matter particles produced in collider282

experiments will be invisible to detectors at the LHC. Thus, in event reconstruction, such events are283

expected to be marked by a significant imbalance in transverse momentum (Emiss
T ). Currently, Dark284

Matter searches are conducted at the LHC [32]. Dark Matter particles are denoted by χ .285

Among the Dark Matter signature searched for at the LHC, Emiss
T +X is an important signature. These286

searches look for the production of a Standard Model particle in association with Emiss
T . Figure 1.7287

shows the Feynman diagrams for the Emiss
T +X processes. The requirement of Dark Matter to be288

produced in association with another particle is imposed so that the event signature is identifiable,289

and allows the events to be triggered upon.290

• Emiss
T +jet : In theory, it is possible to produce Dark Matter particles in association with one or291

more QCD jets from initial state radiation. Thus Emiss
T +jet searches look for one or more jets292

in events with large Emiss
T .293

• Emiss
T +V : In a similar manner to Emiss

T +jet searches, a Emiss
T +V search looks for a single vector294

(γ,W or Z) boson. If Dark Matter particles couple directly to a pair of gauge bosons, this may295

be the dominant mode of Dark Matter production.296

• Emiss
T +Higgs : It may also be that a single Higgs boson is produced in association with Emiss

T .297

Such events would be characterised by a H→ γγ or H→ bb final state.298

Figure 1.7: Feynman diagrams for mono X processes, showing Emiss
T +jet production (top) induced

by gluons (top left) and quarks (top right) [33] where the mediator X can be a scalar, pseudo-scalar,
vector or axial-vector particle; Emiss

T +V (bottom left) [34]; and Emiss
T +higgs (bottom center) [35],

where h is the Standard Model Higgs boson with mass 125 GeV; gluon-induced tt̄+Emiss
T (bottom

right)
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• Emiss
T +top : If Dark Matter particles couple predominantly to heavy quark flavors, a search for299

a top quark pair is a promising direction to head in.300

• Emiss
T +VBF : In such events, Dark Matter particles are produced from a vector boson fusion.301

Several models propose mediators that couple Dark Matter particles to Standard Model particles.302

These mediators can be vector, pseudo-vectors, scalars, pseudo-scalars or axions. The Higgs boson is303

an example of a scalar mediator, and is what this thesis focuses on.304

Models using the Higgs as a mediator result in events with the Invisible Higgs signature; if the mass305

of the Dark Matter particles is less than half the mass of the Higgs boson, it may be possible that the306

Dark Matter particles couple to the Standard Model via the Higgs boson, i.e H→ χχ processes. The307

main methods of Standard Model Higgs production are shown in Figure 1.1.308

• Vector boson fusion (VBF): In VBF processes, the Higgs is produced from the interaction of309

two vector bosons.310

• Production of Higgs in association with a massive vector boson (VH) : This mechanism, to-311

gether with VBF are the most important methods of Higgs production in invisible Higgs searches.312

Such events can be recognised with a large imbalance in transverse momentum, as well as the313

decay products of the vector boson.314

• Gluon gluon fusion (ggF) : It is also possible for the Higgs to be produced from the interaction315

of gluons. This is similar to a Emiss
T +jet like search.316
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Chapter 2317

Experimental Apparatus318

2.1 The Large Hadron Collider319

The Large Hadron Collider (LHC) is a circular particle collider located in France and Switzerland. It320

was built by the European Council for Nuclear Research (CERN) in collaboration with over 10000321

scientists from all over the world, between 1998 to 2008, when it began its operation and started322

collecting data. It is the world’s largest, most powerful particle collider, focusing primarily on proton-323

proton collisions, but also conducts heavy ion collision experiments.324

The goal of the LHC is to experimentally test predictions made by theories of particle physics, and325

look for evidence of new physics. It has enjoyed remarkable successes, such as the discovery of the326

Higgs Boson in 2012 [17, 18].327

The LHC houses seven experiment. ATLAS and CMS are the largest, general-purpose detectors that328

research a number of Standard Model predictions, such searches for new physics and measurements329

of Standard Model parameters, among other tasks. ALICE is a heavy ion collider experiment that330

studies lead-lead collision, while LHCb studies mesons and baryons containing b- or c- quarks. In331

addition, three smaller experiments, TOTEM, MoEDAL and LHCf, are used for highly specialized332

research.333

2.2 History334

The concept of the LHC was officially recognized during a workshop held by CERN and the Euro-335

pean Committe for Future Accelerators (ECFA) during 21-27 March 1984. The tunnel that would336

later house the LHC, was constructed between 1983-1988 for the Large Electron-Positron Collider337

experiment.338

The construction of the LHC was completed in 2008, and in September that year, the first beam of339

protons was steered around the LHC ring. After initial lower energy collision runs in 2009, the first 7340

TeV center of mass energy collisions were recorded in 2010.341
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2.3 Design342

Figure 2.1: The CERN accelerator complex showing the various components of the Large Hadron
Collider experiment, such as the linear accelerators, the accelerating synchrotrons, the main ring, and
the four detectors, where the protons or heavy ions are collided.

The LHC is contained in a circular tunnel 26.7 km in circumference, located at a depth ranging343

between 50 and 175 meters underneath the border between Switzerland and France. The tunnel344

houses two parallel beam pipes. Each of the two beam pipes contain a beam of protons (or heavy345

ions), composed of several bunches of particles, which travel in opposite directions, until they are346

made to collide at 4 points where the beam pipes intersect. The beams are aligned and steered by347

an array of 1232 superconducting dipole magnets. An additional 392 superconducting quadrupole348

magnets focus the beams to maximize the chance of interaction. Magnets of higher mulitpole orders349

are used to correct deviations in the field geometry.350

The colliding protons are prepared for collisions by a sequence of systems, such as LINAC 2 (a351

liner accelerator), the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS), and the Super352

Proton Synchrotron (SPS), which progressively increase their energy. The highly energetic protons353

(having an energy of about 450 GeV each) are then injected into the LHC ring.354

Instead of a continuous beam, the protons are accumulated into bunches and accelerated to their peak355

energy at 6.5 TeV over a period of 20 minutes, and circulated for up to 24 hours while collisions occur356

at the four intersection points. Each proton bunch consists of approximate 1.15×1011 protons in each357

bunch, with 2,556 bunches [36] at a time. The interactions happen at intervals 25 nanoseconds apart.358

Figure 2.1 shows the layout of the LHC main ring, LINAC2, PSB, PS and SPS.359
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Figure 2.2: Overview of a proton-proton pp collision. The initial partons inside the protons (the green
ovals) undergo initial state radiation, and interact in the hard process (red circle). The hard interac-
tion results in a shower of partons (red curves) that hadronise into color neutral states (light green
circles). The proton remnants then participate in a secondary interaction (purple ellipse) creating an-
other parton shower (in purple), which hadronises and decays into stable particles. This, along with
the beam remnants (light blue ellipses), is part of the underlying event. Charged particles can emit
electromagnetic radiation (yellow) at any point.

2.4 Proton-Proton Collisions360

Theory and experiment go hand in hand. It is necessary to have experimental confirmation of theoret-361

ical predictions, while at the same time, new or unexpected experimental observations prod theories362

along in the right direction. There are a number of parameters in theory that are unknown, and thus,363

experiments provide measurements of such parameters.364

The work in thesis was conducted with the ATLAS Collaboration. ATLAS, being one of the detector365

experiments at the LHC, probes proton-proton collisions. Figure 2.2 shows a proton proton collision366

in detail. This section gives an overview of the physics of proton-proton collisions, which are one of367

several ways to probe particle interactions at high energy scales.368

Protons are baryons, bound states of three quarks (uud), known as the valence quarks. However, the369

mass of the quarks put together is only about 1% of the mass of the proton (938 MeV). The remainder370

of the proton mass originates from the QCD binding energy, which is the exchange of virtual quarks371

and gluons. The constituents of the proton, namely the quarks and gluons, are collectively known372

as partons. Roughly half the total momentum of the proton is carried by the gluons [8]. Now, the373

number of gluons is not conserved, and they are capable of self interaction, the gluon structure within374

a proton is not constant. Gluons produce virtual qq̄ pairs that again annihilate on timescales of the375

order tvirt = 1/∆E [37]. A color-charged particle with sufficient energy to probe the particle structure376

of the proton is capable of interacting with a color-charged parton (quark or gluon). Interesting377

physics in pp collisions are initiated by qq, qq̄, qg and gg scattering.378

The fraction of proton momentum carried by a parton is not deterministic, because of the unpre-379
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dictable gluon structure. It is, however, possible to model the parton momenta as a probability dis-380

tribution. For proton with momentum P, a parton of a given type carrying a momentum xP is given381

by the Parton Distribution Function (PDF) f (x,Q2), where x is the fraction of momentum carried382

by the parton, and Q is the momentum transfer of the interaction [37], and sets the scale at which the383

incoming particle is able to resolve the partons. QCD predicts quantitatively the rate of change of384

parton distributions when the energy scale Q2 varies, governed by the DGLAP equations (names after385

the authors; Dokshitzer,Gribov,Lipatov,Altarelli,Parisi) [38], in the region where perturbative calcu-386

lations can be applied. While the DGLAP differential equations give the energy scale Q2 dependence,387

they cannot predict the x dependence of the parton distributions at a given Q2. The PDFs sets must be388

obtained from fits on experimental data from e±p deep inelastic scattering (DIS), and hadron collider389

data. It is helpful to use electrons to probe protons structure as electrons don’t have color charge. Fits390

are carried out on a large number of cross section data points, on a grid of Q2 and x values from several391

experiments. This work is carried out by groups such as MSTW [39–41], MMHT [42], NNPDF [43],392

etc. Figure 2.3 shows an example of parton distribution functions.393

Figure 2.3: Parton Distribution Functions from NNPDF3.1, reproduced from [43]. The y-axis displays
the probability of the given parton as a function of the proton momentum fraction, given on the x-axis.
As seen here, the u quark has about 66% probability, and the d-quark has about 30% probability of
possessing 10% of a protons momentum. Thus the proton’s quark content is uud. Here, µ2 is used in
place of Q2 to denote the momentum transfer.

The rate at which a scattering process occurs is called the cross section σ of the process. The cross394

section is expressed in barns, a unit of area, where 1b = 10−24cm2. The number of collisions is395

characterised by the luminosity L . The luminosity is indicative of the performance of a particle396

accelerator, and is defined as the ratio of the rate of event detection to the cross section (Equation397

2.1):398

L =
1
σ

dN
dt

(2.1)

399

The rate of events having a final state X will then be given by Equation 2.2.400

dNX

dt
= σ(pp→ X)L (2.2)

401
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For head-on colliding protons, each with momentum P, such that their center-of-mass energy is402 √
s = 2P, the interacting partons will have a total energy

√
ŝ =
√

2x1x2P, where x1 and x2 give the403

fraction of its proton momentum carried by each parton. For the process pp→ X , the cross section is404

calculated using Equation 2.3.405

σ(pp→ X) =
∞

∑
n=0

α
n
S (µ

2
R)∑

i, j

∫
dx1dx2 fi/p

(
x1,µ

2
F
)

f j/p
(
x2,µ

2
F
)
× σ̂

(n)
i j→X

(
x1x2s,µ2

R,µ
2
F
)

(2.3)

406

where fi/p and f j/p are the parton distrbution functions describing the fraction of proton momentum407

carried by the ith and jth partons. Here, n is the order of αS at which the cross section is calcu-408

lated. If X = ZZ, such as for the process pp→ ZZ, at LO (n = 0) the hard (partonic) cross section409

σ̂
(n)
i j→ZZ

(
x1x2s,µ2

R,µ
2
F
)

is proportional to δ (x1x2s−M2
Z). Thus, this term non zero only for partons410

i, j if they can produce a Z boson, such as i = q and j = q̄. For n ≥ 1, partonic channels such as gq411

and gg also contribute, and there is no restriction for x1x2s = M2
Z . Equation 2.3 also illustrates the412

dependence of the cross section on renormalization and factorization scales, µR and µF respectively.413

The separation of the calculation into perturbative hard scattering physics and non-perturbative Parton414

Distribution Functions greatly simplifies QCD calculations.415

2.5 The ATLAS experiment416

The ATLAS (A large ToroidaL ApparatuS) detector is located at one of the four beam intersection417

points. It is a multipurpose experiment which, after the discovery of the Higgs boson in 2012, focuses418

on a wide range of topics, including searches for new physics, such as supersymmetry or dark matter,419

and measurements of Standard Model parameters. The experiment is a collaboration between around420

4000 physicists from over 175 institutions in 38 countries.421

The ATLAS detector is a large apparatus with a cylindrical geometry, forward-backward symmetry,422

and nearly 4π solid angle coverage. It is 46 meters long, 25 meters in diameter and weight 7000423

tonnes. The detectors consists of concentric cylindrical layers around the interaction point, where424

the proton beams collide. Broadly, it consists of the Inner Detector, the electromagnetic (EM) and425

hadronic calorimeters, the muon spectrometers and the magnetic systems, each composed of multi-426

ple layers. These layers complement each other’s functionality: the inner detector accurately tracks427

charged particles passing through it, the calorimeters measure the energy deposited by the particles428

passing through or stopped by it, the magnet systems employ the Lorentz force law to bend charged429

particles and measure their momenta, and the muon systems measure the momenta of muons that pass430

through all other layers to reach it. Figure 2.4 displays the ATLAS detector and its components.431

The Inner Detector (ID) is built to accurately track the trajectory and curvature of charged particles432

as they pass through it, to measure their momenta. The calorimeters measure the energy deposited433

in them by charged and neutral particles. Photons and electrons completely deposit their energy into434

the EM calorimeters, while hadrons, being heavier, pass through the EM calorimeter without losing435

much of their energy to deposit most of it into the hadronic calorimeters, which lie outside the EM436

calorimeters. The magnet systems are composed of large superconducting magnets that bend the paths437

of charge particles moving through their magnetic field, allowing the measurement of their momenta.438

Muon are stable particles that pass through all the inner layers of the detector and reach the outmost439

part, which is the Muon Spectrometer. The Muon Spectrometers accurately measures the path taken440

by muons, and their curvature, to measure their momenta, providing an important trigger to select441

events with high energy muons.442

The ATLAS detector cannot detect neutrinos or other weakly interacting neutral particles; their ex-443

istence is inferred from the momentum imbalance from the detected stable particles that register in444
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Figure 2.4: Illustration of the ATLAS detector, displaying its dimensions and components, reproduced
from Ref [44]

the detector components. Thus, the detector must be “hermetic”, and must have no blind spots. In445

proton-proton collisions, the interactions actually happen between quarks and gluons (partons) that446

make up the proton. These partons carry a fraction of the proton momentum, which is not determin-447

istically known, but can be modelled using probability distribution functions. Thus applying momen-448

tum conservation along the beam axis is not possible. However, these partons have negligible or no449

momenutum in the transverse plane, and thus the momentum imbalance can be accurately calculated450

in the transverse plane, and is called missing transverse momentum, denoted by Emiss
T .451

2.5.1 Coordinate system452

ATLAS employs right-handed Cartesian coordinate system, with the origin defined as the interaction453

point. The direction of the beam defines the z-axis. The x-axis is defined such that it points towards the454

center of the LHC ring, while the y-axis is defined vertically. The xy-plane is taken as the transverse455

plane, described by the polar coordinates (r,φ) such that φ = 0 on the x-axis. The pseudorapidity456

replaces the polar angle θ as given in Equation 2.4. Some values of the pseudorapidity are shown in457

Figure 2.5.458

η =−ln
(

tan
(

θ

2

))
(2.4)

459

In the limit where the mass of particles is much less than their momentum, it is approximately equal460

to the rapidity (y) of the particle. The rapidity,461

y =
1
2

ln
(

E + pz

E− pz

)
, (2.5)

462
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Figure 2.5: Some important and often mentioned values of pseudorapidity η .

in turn, is an effective coordinate due to its Lorentz invariance under boosts in the z-direction.463

The separation between two objects in the detector is described by464

∆R =
√

∆η2 +∆φ 2 (2.6)

465

where φ is the angular coordinate in the transverse plane.466

2.6 Event Simulation467

It is essential to have some reference to compare with when interpreting LHC data. The observations468

must be compared to expected outcomes predicted by physical models, such as the Standard Model469

or SUSY. Thus, ATLAS uses event simulation, beginning from the initial proton proton collitions,470

leading up to the process(es) of interest, up to the expected detector response.471

Events in a given process are generated using Monte Carlo methods, where points in the kinematic472

phase-space are chosen using random sampling. These are used in Monte Carlo generator software473

such as MadGraph [50] to calculate the matrix element of the process. Such generators use parton474

distribution functions (PDFs) to model the interaction between partons up to a given order in QCD,475

with higher order corrections being accounted for by a “k-factor”. The radiating partons after the hard476

interaction result in a shower, which are modelled by parton showering software, such as Pythia [51].477

The output of these steps is input into the next step of simulation, and is also used for generator-level478

studies, called “truth-level”.479

In the next step, called detector simulation, the particles are propagated through the various layers480

of the detector, where the effects of the detector material, and it interaction with the particles, are481

accounted for in the simulation. The goal is to have a resulting data set identical to the one obtained482

from the physical detector. Software such as Geant4 [52]. This is a slow process, and often a faster483

but more approximate detector simulation is used. Detector simulation digitizes the interaction of484

particles by emulating the response of the electronics in the detector.485

The data after the simulation of the detector is used to identify and reconstruct objects as particles,486

such as muons, electrons, photons or jets. Energy deposits that are not identified and matched to487

physical objects are collected together as “soft-terms” that are used to calculate the missing transverse488

energy Emiss
T .489
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2.6.1 Missing Transverse Momentum490

Stable particles that do not interact electromagnetically or hadronically pass through the various detec-491

tor layers without interacting, and are thus not visible to the detector. Collisions between the partons492

(which carry some fraction of the proton’s momentum) take place along the beam axis (z-axis). Along493

the x- and y-axes, i.e. in the transverse place, the momentum before the collision in zero. Thus such494

invisible objects are identified by an imbalance in the total momentum in the transverse plane. Thus,495

the missing transverse momentum, defined as the negative vector sum of the transverse momenta of496

all visible reconstructed objects in the event,497

~pmiss
T =− ∑

visible
~pT (2.7)

where visible objects include muons, electrons, photons, taus, jets, and the soft-terms that do not498

correspond to physical objects.499

For predicted particles with high mass, or particles that carry high momentum away from the hard500

interaction vertex, a large imbalance is expected.501

The magnitude of the ~pmiss
T is denoted by Emiss

T .502
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Chapter 3503

Analysis Strategy504

3.1 Invisible Higgs in association with a Z boson - ZH505

In the search for Dark Matter candidates, some Beyond Standard Model theories postulate that the506

Higgs boson mediates the interaction between Dark Matter particles and Standard Model particles, as507

shown in Figure 3.1. In this thesis, the production of the Higgs boson, in association with a Z boson508

is considered. The Higgs boson decays into Dark Matter candidates (Weakly Interacting Massive509

Particles, or WIMPS), and the Z boson decays into a charged lepton-antilepton pair. As Dark Matter510

is invisible to current detectors, this process results in the ``+Emiss
T signature.511

Figure 3.1: Feynman diagram showing the associated production of a Higgs boson with a Z boson.
The Higgs boson decays to two invisible Dark Matter particles and the Z boson decays leptonically,
resulting in the ``+Emiss

T signature.

The main Standard Model background processes for the ``+Emiss
T final state are ZZ→ ``νν , WZ→512

```ν , WW → `ν`ν , Z+jets and W+jets.513

3.1.1 Selection Criteria514

The selection criteria used in Ref [53] is applied for the analysis reported in this thesis as well.515

The search is conducted on events with a ``+Emiss
T final state, having a pair of high pT electrons516

(ee) or muons (µµ), and large missing transverse momentum. Events with extra leptons or b-jets517

are removed to reduce backgrounds, and the requirement of a boosted Z boson back to back with518

the missing tranverse momentum vector is imposed. Electron candidates are selected based on the519
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ATLAS tracker and EM calorimeter dimensions, with pT > 7 GeV and pseudorapidity |η | < 2.47.520

Similarly, muon candidates are required to have pT > 7 GeV and pseudorapidity |η |< 2.5.521

The leading and subleading leptons in the event are required to have sufficiently high transverse mo-522

mentum, with the leading lepton required to have pT > 30 GeV, and the subleading lepton required523

to have pT > 20 GeV. The veto on additional leptons serves to remove background from processes524

such as WZ→ ```ν . The reconstructed mass of the leading and subleading leptons is required to be525

within a 15 GeV window around the mass of the Z boson, i.e. 76 < m`` < 106 GeV, to suppress back-526

grounds where the final state leptons do not originate from a Z boson (non-resonant `` processes). As527

the leading and subleading leptons are expected to come from the decay of a highly boosted Z boson,528

their separation is expected to be small. Thus, the leading and subleading leptons in selected events529

are required to be separated by ∆R`` < 1.8. The Emiss
T is expected to be back to back to a Z boson with530

high pT , and originates from an invisibly decaying Higgs boson, thus is expected to be high as well; a531

cut requiring Emiss
T > 90 GeV reduces the number of events with low Emiss

T . The requirement of back532

to back Z boson and Emiss
T is enforced by requiring the angular separation of the Emiss

T vector from533

the Z boson candidate vector in the transverse plane, ∆φ(~pT
``,~Emiss

T ) to be greater than 2.7 radians.534

Z+jets background events have large Emiss
T because of significant contribution from soft terms. To535

remove this background, the magnitude of the difference between the dilepton transverse momentum536

pT (``) and the sum of the jet pT and Emiss
T must be less than 20% of the dilepton pT . To suppress tt̄537

and Wt backgrounds, events with one or more b-jets (jets that originate from a b-quark, such as from538

the decay of a top quark) are vetoed.539

Table 3.1 summarises the event selection criteria in the ``+Emiss
T search, as shown in [53].540

Selection criteria

Two leptons Two opposite-sign leptons, leading (subleading) pT > 30 (20) GeV

Third lepton veto Veto events if any additional lepton with pT > 7 GeV

m`` 76< m`` <106 GeV

Emiss
T and Emiss

T /HT Emiss
T > 90 GeV and Emiss

T /HT > 0.6

∆φ(~p``T ,~p
miss
T ) ∆φ(~p``T ,~p

miss
T )> 2.7 radians

∆R`` ∆R`` < 1.8

Fractional pT difference
∣∣∣p``T − pmiss, jets

T

∣∣∣/p``T < 0.2

b-jet veto N(b-jets) = 0 with b-jet pT > 20 GeV and |η |< 2.5

Table 3.1: Event selection criteria in the ``+Emiss
T search as shown in ATLAS ZH search [53]

3.1.2 Results of the ZH search541

Using the selections in Table 3.1, background predictions are made in the ``+Emiss
T channel. Figure542

3.2 shows the observed Emiss
T distribution in the ee and µµ channels, compared to the signal and back-543

ground predictions. As discussed in Ref [53], the dominant source of background is the ZZ→ ``νν544

process, contributing ≈ 60% of the background. WZ→ lllν events, where the W boson decays into a545

electron or muon that escapes detection, account for 25% of the total background. Z(→ ll)+jets pro-546

cess with misreconstructed Emiss
T contributes to about 8% of the total background, and non-resonant-ll547

processes, consisting of tt̄, Wt, WW and Z→ ττ production contribute similarly. W+jets, VVV , and548

tt̄V (V ) backgrounds contribute to a minor extent (< 1%).549
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An upper limit of 67% is placed on the Higgs→ Dark Matter branching ratio at the 95% confidence550

level.

Figure 3.2: The observed Emiss
T distributions in the ee (left) and µµ channels, compared to the signal

and background predictions, reproduced from Ref [53]. The total statistical and systematic uncer-
tainty on the background predictions are shown by the error bands. The Standard Model background
predictions are stacked. The ZH→ ll+ invisible signal distribution is shown with BH→inv = 0.3. The
dotted line shows an alternative model for Dark Matter production that is not discussed in this work.

551

This thesis focuses on improving the ZZ background background estimate. In Ref [53], the ZZ552

background is estimated from simulation with a total uncertainty of 10%.553

3.2 Background estimation: ZZ554

It is difficult to distinguish the irreducible ZZ→ ``νν background events from the signal process, as555

the final state is experimentally indistinguishable from to that of ZH→ ``+Emiss
T . The contribution of556

ZZ→ ``νν is currently estimated using simulation. Figure 3.3 shows the Standard Model production557

of qq̄→ ZZ and gg→ ZZ. One of the Z bosons decays leptonically (into e+e− or µ+µ−), while558

the other Z boson decays into neutrinos (νν̄). Neutrinos are very weakly interacting, and thus are559

invisible to the detectors at the LHC, and thus result in events with missing transverse momentum.560

Figure 3.3: Feynman diagram showing ZZ production, in the s-channel (a) and t-channel (b) induced
by qq̄ at LO QCD, and induced by gluons (c) at NNLO QCD.

It is possible to estimate the ZZ→ ``νν using ZZ→ ```` data. However, the precision of this method
would be severely limited by the small number of ZZ→ ```` events in data. The branching fraction
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Z→ `` for one flavor of lepton (e/µ) is ≈ 3.4%, and Z→ νν is 20%.

BR(ZZ→ ````) = (2×0.034)× (2∗0.034) = 0.00462 (3.1)
BR(ZZ→ ``νν) = (2×0.034)× (0.2)×2 = 0.0272 (3.2)

561

Thus, branching fraction of ZZ → ````(≈0.46%) compared to ZZ → ``νν (2.7%) is smaller by a562

factor of 6. The low branching fraction of ZZ→ ```` limits the precision. The statistics are further563

limited by detector effects.564

Motivated by an analysis using γ+jets to estimate Z+jets [54], an alternative method to estimate565

ZZ→ ``νν is to look at the Zγ → ``γ process. Figure 3.4 shows the leading order diagrams for the566

production of Zγ , where the Z boson further decays leptonically. Figures 3.4.a, b and c are similar567

to the production of ZZ, with a photon instead of one of the Z bosons. The main differences in the568

two processes are the couplings of the photon and Z boson to the quarks, and the fact that photons are569

massless, whereas the Z boson is massive.570

Figure 3.4.d shows the Final State Radiation (FSR) diagram for the ``γ final state. The photon is in571

this case radiated off a final state lepton. This process must be suppressed as it does not correspond572

to a similar ZZ→ ``νν process. Imposing a mass window requirement on the reconstructed Z boson573

candidate mass suppresses this diagram.574

Figure 3.4: Feynman diagram showing Zγ production, in the s-channel (a) and t-channel (b) induced
by qq̄ at LO QCD, and induced by gluons (c) at NNLO QCD. Diagram (d) shows a similar final state,
but the photon is radiated off of a final state lepton (Final State Radiation), which does not have a
corresponding diagram in the ZZ→ ``νν process, and hence has to be suppressed.

At high Z boson transverse momentum, the Zγ → ``γ process should be similar to ZZ→ ``νν , as575

the mass of the Z boson will be negligibly small compared to its pT . The Zγ → ``γ signal is also576

pure, and has a BR×σ as compared to ZZ→ ``νν . Thus, it should be possible to use Zγ→ ``γ data577

to estimate the contribution of ZZ→ ``νν in regions of high Z boson pT .578

3.3 Approach579

This thesis plans to estimate the ZZ background contribution to the ll+Emiss
T final state using Z(→ ll)γ580

data, where the photon models the Standard Model invisible Z boson. A transfer factor R is introduced581

as the ratio of the cross sections of ZZ→ ``νν to Zγ → ``γ . In the high Z boson pT region, the two582

processes are kinematically similar, therefore the curve of the transfer factor R as a function of pT is583

expected to approach a constant value. This transfer can be used to estimate to the contribution of584

ZZ→ ``νν from Zγ → ``γ data.585

A ratio of the cross sections of ZZ→ ``νν and Zγ→ ``γ processes is taken to obtain the R distribution586

as a function of Emiss
T , or pT (γ). The uncertainty on R is calculated by estimating the possible effect587
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of missing higher order corrections, the PDF sets used, photon fragmentation, etc. The contributions588

of the qq̄ and gg processes are estimated separately.589

3.4 Transfer factor R590

To estimate the background, a transfer factor R(pT ) is introduced, defined to be the ratio of the cross591

sections of ZZ→ ``νν to Zγ → ``γ as a function of the pT .592

R(pT ) =
σZZ(pT )

σZγ(pT )
(3.3)

593

With the two processes being kinematically similar at high pT , R depends on the coupling of the Z594

and γ to quarks. It would be expected to reach a constant value at high pT that can be determined the-595

oretically. In the following paragraph, an attempt is made to obtain a simple approximate calculation596

of R from the contribution of qq process.597

The photon - quark and Z boson - quark couplings in the Standard Model are given by,598

− ieQqγ
µ and

−ie
2sinθW cosθW

γ
µ(vq−aqγ5) (3.4)

599

respectively, where Qq,vq and aq are respectively the electric, vector and axial neutral weak cou-600

plings of the quarks, and θW is the weak mixing angle. There is a contribution due to the Z mass601

which appears in the internal propagators and phase space integration. This contribution becomes602

less important in the pT (γ)�MZ region.603

Thus, the leading order contributions from qq̄→ ZZ and qq̄→ Zγ are shown in Equation 3.5.604

σ(qq̄→ ZZ) ∝
1
2

e4{(v2
q +a2

q)
2 +4v2

qa2
q}

16sin4
θW cos4 θW

σ(qq̄→ Zγ) ∝
e2Q2

q(v
2
q +a2

q)

4sin2
θW cosθW

(3.5)

605

The u and d quarks present in a pp collision have different coupling strengths to the Z boson as stated606

in Ref [55], their relative contributions are accounted for using Equation 3.6607

R =
σ(uū→ ZZ)〈u〉+σ(dd̄→ ZZ)〈d〉
σ(uū→ Zγ)〈u〉+σ(dd̄→ Zγ)〈d〉

(3.6)

608

Using the vector and axial couplings of the Z boson to u and d quarks1, assuming 〈d〉/〈u〉= 0.5 and609

setting sin2
θW = 0.2315, R≈ 1.28 for the dominant qq̄ interaction. This approximate calculation has610

not been performed for gluon induced channels, as they involve loops and require a more involved611

calculation. It will also give a significantly different value as the contributions of the gluon induced612

channels are different for the ZZ and Zγ processes.613

This transfer factor R may be used with Zγ data to estimate the contribution of ZZ with reasonable614

accuracy at high pT . To improve precision, it is necessary to estimate the theoretical uncertainties on615

the transfer factor R.616

1Vector and Axial couplings of Z to u and d quarks: vu = 0.18,au = 0.50,vd =−0.35,ad =−0.514
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3.5 Theoretical Uncertainties617

In this study, the following sources of theoretical uncertainties are studied.618

• Missing higher order corrections: Contributions due to higher order QCD corrections cannot619

be calculated to arbitrarily high order, as it gets progressively more computationally expensive.620

Thus, this study is limited to next to leading order (NLO), and further corrections are accounted621

for by varying the factorization and renormalization scales. The next section 3.6 discusses the622

approach taken to evaluate uncertainties associated with missing higher order corrections.623

• Uncertainties associated with Parton Distribution Functions: According to the Parton model624

[56], a proton is composed of three valence quarks, and several gluons and virtual quarks.625

These quarks and gluons are called ‘partons’. Proton-proton collisions, such as in the exper-626

iments conducted at the LHC, involve the interaction of these quarks and gluons at very high627

energies. These partons carry a fraction of the proton momentum. Parton Distribution Functions628

(PDFs) represent this fraction of proton momentum carried by partons as probability distribu-629

tions. Owing to the non-deterministic nature of this fact, this study attempts to account for these630

uncertainties as PDF uncertainties.631

• Photon Fragmentation Uncertainties: In the Zγ → ``γ process, the signal includes a photon.632

However, while reconstructing the event, soft photons, or photons resulting from other frag-633

mentation processes may be encountered. To ensure that the photon is indeed prompt, it is634

required to be isolated from partonic activity. This isolation is implemented experimentally635

in different ways. The uncertainty associated with the modelling of photon fragmentation is636

estimated.637

3.6 Renormalization638

In Feynman diagrams beyond tree level, the introduction of self interaction loops, such as in Figure3.5,639

lead to divergent integrals that are progressively more difficult to calculate at higher orders. A perfect640

calculation, carried out up to infinite orders, would give the exact cross section. However current641

technological capabilities limit the order to which calculations can be carried out.642

Figure 3.5: Loop corrections to the propagator and vertex illustrated using a Feynman diagram show-
ing γ → e+e−, for example. These loops represent interactions that happen at very small distance
scales (and corresponding, very high energy scales), and are calculated perturbatively in QCD.

While calculating loop corrections, two kinds of divergences are encountered: infrared divergences,643

and ultraviolet divergences. Infrared divergences occur when the integral diverges due to the con-644

tributions of particles with very low energies (or equivalently, interactions at large distances), and645
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typically involve terms featuring 1/k, thus diverging as k→ 0. Ultraviolet divergences are logarith-646

mic divergences involving the term
∫

d4k 1/k4. Integrals of this form simplify as terms involving647 ∫
ln(k)dk that diverge as the integration variable approaches ∞, occurring at very high energy scales,648

or equivalently, interactions at extremely short distances. They correspond to physics at long and649

short distances. Here, long distances are those where soft interactions take place, away from the hard650

parton-parton interaction. Short distances are those where the hard parton parton interactions occur.651

Thus, it is necessary to regularize such integrals, i.e. render the divergences finite, or have them cancel652

out somehow. Dimensional regularization is one such method of regularization, where the power of653

the momentum integration is shifted by an infinitesimally small amount 2ε , i.e.
∫

d4q/(2π)4q...→654

µ2ε
∫

d4−2εq/(2π)4q... A prefactor µ2ε is introduced, where µ is an arbitrary scale, to ensure that all655

observables have the dimension of mass. Thus, regularization envelops the effect of these divergences656

into the arbitrary scale µ . Upon renormalizing these regularized integrals, the 1/ε divergent terms657

cancel out, leaving only the scale µ to be addressed. In QCD calculations, this scale appears as part658

of a scale dependent parameter, namely the running strong coupling constant (αs(µ)). However, this659

scale µ is arbitrary. It does not represent a physical quantity at all, and is a tool to get the divergent660

integrals to behave.661

The infrared divergences are addressed by the inclusion of the factorization scale µF , while the ultra-662

violet divergences are addressed by the inclusion of the renormalization scale µR. These parameters663

are arbitrary, and are set by hand. These are then varied between 1
2 µ < µ < 2µ to obtain an indication664

of the dependence of the matrix element on the scales.665

A perfect calculation would include an infinite number of terms in αS, and would result in the µ-666

dependent terms cancelling out perfectly, resulting in an answer that is independent of the choice of667

µ . However, perturbative QCD calculations get progressively more computationally expensive as the668

order of the perturbative theory increases. Thus, perturbative QCD calculations are only carried out up669

to a fixed order. In the absence of a perfect infinite order calculation, the variation of the factorization670

and renormalization scales gives an estimate of missing higher order contributions.671

Varying the scales is not a complete treatment of the higher order QCD effects. In addition to it,672

the process dependent part of the missing higher order contributions will be treated using K-factors.673

These K-factors account for the corrections between the leading order and higher order calculations,674

and the difference between the K-factors of the two process will give a handle on the degree of675

correlation between the two processes.676

3.7 Photon Isolation677

The Zγ→ ``γ process may contain photons that arise from the hadron showers. Photons that are pro-678

duced in the hard interaction are well isolated from activity. However, photons may also be produced679

from the fragmentation of partons as part of a hadronic jet. A clean sample of well isolated photons680

is important for efficient background rejection, and in this case, to obtain a clear picture of Zγ → ``γ681

events.682

Experimentally, photon isolation is implemented with the following selection:683

∑
∈R0

ET (had)< εh pγ

T (3.7)

684

limiting the transverse hadronic energy ET (had) in a cone of size R0 =
√

∆η2 +∆φ 2 around the pho-685

ton, to some fraction of the photon pT . This rejects events where the photon is associated with any686

hadronic activity in the cone. While this method works well for prompt photons, for non-perturbative687
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fragmentation, this method of isolation constrains the phase space of events with soft gluons, which688

hinders the cancellation of infrared divergences. This method is currently used in experimental anal-689

yses at ATLAS.690

The smooth cone isolation method of Frixione [58] is an alternative isolation procedure, which sim-691

plifies calculations by avoiding photon-to-hadron fragmentation contributions, treats both gluons and692

quarks in the same way. The Frixione method of isolation can be applied to experimental data in693

hadron-hadron, photon-hadron and electron-positron collisions as well. In the Frixione method, the694

following isolation prescription is applied to the photon:695

∑
R jγ∈R0

ET (had)< εh pγ

T

(
1− cosR jγ

1− cosR0

)n

. (3.8)

696

where R jγ is the separation of the photon and the jth parton. This constrains the total hadronic energy697

inside a cone of radius R jγ , for all separations R jγ less than a chosen cone size R0. For n= 0, Equation698

3.8 is equal to Equation 3.7, but for n≥ 1, this prescription allows soft radiation inside the photon cone699

and collinear singularities are removed. The inclusion of soft radiation makes the Frixione isolation700

infrared finite at all orders, can be applied to events having non-perturbative photon fragmentation,701

and avoids collinear singularities, that occur when a parton is collinear with the photon, by requiring702

it to be soft.703
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Chapter 4704

Transfer factor R and the uncertainties705

associated with it706

4.1 MCFM707

Monte Carlo for FeMtobarn processes (MCFM) is a program that calculates cross sections for femtobarn-708

level processes at leading order(LO) or next to leading order (NLO) in QCD. NNLO predictions in709

QCD, and NLO electroweak corrections are also provided for some processes. In this study, MCFM710

v8.0 [59–62] is used to generate cross sections of ZZ→ ``νν and Zγ → ``γ processes at NLO, with711

a selection of generator level cuts. The generation parameters in MCFM allow fine control over the712

sample, such as PDF sets, photon isolation, lepton and photon pT and η , renormalization and factor-713

ization scales, etc. The samples are generated with cuts on Emiss
T = pT (Z→ νν) for the ZZ process714

and pT (γ) for the Z + γ process. Table 4.1 lists the generator level settings used for the ZZ and Z + γ715

processes. All lepton cuts are consistent with the ones used in the ATLAS Z+Emiss
T analysis [53], as716

shown in Table 3.1.717

Cuts

Mee 76 < Mee < 106 GeV

Order NLO

PDF set PDF4LHC15 nlo

plead
T (e) > 30 GeV

|η lead(e)| < 2.47

psublead
T (e) > 20 GeV

|ηsublead(e)| < 2.47

pT (V ) > 90 GeV

Renormalization scale µR HT = ∑i pT,i

Factorization scale µF HT = ∑i pT,i

Table 4.1: Settings in input.DAT for MCFM. These parameters are common between the ZZ→ ``νν

(process 82) and Zγ → ``γ (process 300) processes. Here, V is a vector boson: Z(→ νν) for the ZZ
process and γ for the Zγ process.
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The constraint on Mee in the case of Z + γ suppresses backgrounds from non resonant `` processes718

by ensuring that the lepton pair is from a Z boson decay only. Additionally, photon isolation is719

implemented using the Frixione [58] method, with R0 = 0.4, ε = 0.075 and n = 1.720

In MCFM generated events, leptonically decaying Z boson are constrained to an electron-positron721

pair only, i.e. Z → ee. As electrons and muons have similar properties with the exception of mass,722

simply the branching fraction of Z→ ee must be accounted for to obtain the inclusive value of R.723

Rinc = R∗ BR(Z→ ee)
BR(Z→ ee)∗BR(Z→ νν)∗2

(4.1)

724

4.2 Results725

Using the settings listed in Table 4.1, the cross sections for ZZ→ eeνν and Zγ → eeγ are generated726

at LO and NLO, shown in Figure 4.1. Throughout this analysis, these samples are used as the refer-727

ence from which the transfer factor R is constructed, and provide the central value around which the728

uncertainties are calculated.729

(a) (b)

Figure 4.1: NLO and LO cross sections of ZZ→ eeνν (left) and Zγ → eeγ (right) processes with the
cuts as in Table 1. The leptonically decaying Z boson decays to an e+e− pair. The behaviour of the
ratio of the NLO cross sections to the LO cross sections can be seen in Figure 4.9. There is no flavor
constraint on the neutrinos.

There is a significant difference between the NLO cross section and LO cross section in both of730

these processes. The difference is greater at high pT than at low pT . However, the ratio of NLO731

to LO is similar between the two processes. Thus, the behavior of the transfer factor R at LO and732

NLO is expected to be similar at high pT as well. This behavior is shown in Figure 4.9. The ratio733

R = σ(ZZ→ eeνν)/σ(Zγ → eeγ) at LO and NLO is shown in Figure 4.2a, taken as the ratio of the734

cross sections in Figures 4.1a and 4.1b.735

The main differences between the ZZ and Zγ processes are that the Z boson has a mass of 91 GeV,736

while the photon is massless, along with the different couplings of the Z boson and the photon to the737

different quark flavors. The difference in the masses of the bosons are expected to result in significant738

differences in the overall cross sections as well the kinematic behavior of the two processes.The PDFs739

are also sampled at different values of the parton momentum fraction x and momentum transfer Q2
740

for the two processes.741
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In the regime where the mass of the Z boson is small when compared to the pT of the Z boson and742

can be neglected, the x and Q2 values become similar, and the kinematic behavior is expected to be743

more similar in this region. In that case the main difference remaining between the two processes are744

the different couplings of quarks to photons and Z bosons.745

(a) (b)

Figure 4.2: The transfer factor R as a function of pT , taken as a ratio of the ZZ→ eeνν and Zγ→ eeγ

cross sections at both LO and NLO. The figure on the left shows R calculated from cross sections as
given by MCFM, where the the leptonically decaying Z boson decays into an e+e− pair. The figure on
the right adjusts for the branching fractions of Z→ ee and Z→ νν , thus showing R = σ(ZZ)/σ(Zγ),
where the Z bosons do not decay.

At NLO, the R value is observed to increase from ≈ 0.4 at 100 GeV to ≈ 0.52 at high pT , where it746

reaches a plateau. At LO, the R value is about 20% larger at the lowest pT values but at high pT it747

is similar to the NLO R value. When the branching ratio of Z boson decaying selectively to e+e−, or748

to νν , is accounted for as shown in Equation 4.1, the resulting ratio R(pT ) is shown in Figure 4.2b.749

Here, the ratio of σ(ZZ) to σ(Zγ) is shown, i.e. the Z bosons do not decay. The value of R is observed750

to increase from ≈ 1.08 at 100 GeV to ≈ 1.3 at high pT . This agrees with the simple approximate751

calculation presented in Section 3.4 of R≈ 1.28.752

Figures 4.3 and 4.4 further illustrate the topology of the events by showing normalized distributions753

for the leading and subleading lepton pT and rapidity.754

(a) (b)

Figure 4.3: Normalized distributions showing the differential cross section as a function of the trans-
verse momentum of the leading (left) and subleading (right) leptons for the two processes.
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(a) (b)

Figure 4.4: Normalized distributions showing the differential cross section as a function of the rapidity
of the leading (left) and subleading (right) leptons1 for the two processes.

Figures 4.3 and 4.4 show that the leptons from a Z boson decay have very similar kinematic behavior755

between the two processes.756

Gluon-gluon processes contribute to 8.6% of the total cross section for the ZZ process and 2.5% of
the Z + γ process. Figure 4.5 shows the qg+qq̄ and gg contributions to the ZZ and Zγ cross section.
Interactions between partons carrying a low momentum fraction x result in low pT final state particle.
As seen in Figure 2.3, at low x, parton-parton interactions are dominated by gluons. The parton
momentum fraction is given by

x =
ET (Z)+ET (V )√

s

where ET =
√

M2 + p2
T for each final state particle. For

√
s = 13 TeV, at pT = 0 GeV, x ≈ 0.007757

for Zγ , and x ≈ 0.014 for ZZ. At pT = 500 GeV, the mass of the Z boson becomes negligible in758

comparison with the pT , thus x ≈ 0.08 for both processes. From Figure 2.3, it is seen that the gluon759

distribution is a factor 3 higher at x = 0.01 than at x = 0.1. Thus gluon induced channels contribute760

more at low pT than at high pT .761

Figure 4.5: The cross sections of ZZ → eeνν (left) and Zγ → eeγ (right) as a function of pT , from
the contributing qq̄, qg and gg processes. The leptonically decaying Z boson decays to an electron-
positron pair

The Rgg distribution, shown in Figure 4.6 is observed to approach an asymptotic value at a much762
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higher pT = 2 TeV. The gluon induced processes involve a box diagram, and understanding the be-763

havior quantitatively is not as easy as it is for qq̄ induced processes.764

Figure 4.6: Rgg(pT ), computed from the contributions of the gg subprocess to the cross sections of ZZ
and Zγ . The curve reaches a plateau at a much higher pT than for contributions from the qq̄ process
only. The leptonic Z bosons decay to an ee pair.
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4.3 Theoretical Uncertainties765

4.3.1 Uncertainty from Missing Higher Order Corrections766

To address uncertainties associated with the scale in this study, a similar prescription as the one used767

in Ref [63] is followed. The central scale, µ0 is chosen to be HT for both ZZ→ ``νν and Zγ → ``γ768

samples (where HT is the scalar sum of the transverse momentum of all particles after collision,769

∑i pT,i), and seven-point variations are applied, i.e.770

µi

µ0
= (1,1),(1,2),(2,1),(2,2),(0.5,1),(1,0.5),(0.5,0.5) (4.2)

771

where i = 0, ...,6. The central cross section value is taken to be the mean of the maximum and
minimum cross sections resulting from this variation, and the uncertainty to be the half the difference
between the same.

σ
(V )
NLO =

1
2

[
σ
(V,max)
NLO +σ

(V,min)
NLO

]
(4.3)

δσ
(V )
NLO =

1
2

[
σ
(V,max)
NLO −σ

(V,min)
NLO

]
(4.4)

772

where

σ
(V,max)
NLO = max

{
σ
(V )
NLO(pT (V ),µi)|0≤ i≤ 6

}
(4.5)

σ
(V,min)
NLO = min

{
σ
(V )
NLO(pT (V ),µi)|0≤ i≤ 6

}
(4.6)

773

and V = Z → νν for ZZ → ``νν , or V = γ for Zγ → ``γ . The value of R is calculated from the774

events generated with the above 7-point prescription in a correlated manner.775

The variation of scales for cross sections of ZZ→ eeνν and Zγ → eeγ are shown in Figure 4.7.776

Figure 4.7: The scale variations around the cross sections of ZZ→ eeνν (left) and Zγ → eeγ (right).

The uncertainty for ZZ→ ``νν process is 2.5% at 100 GeV, which increases to 8.4% at high pT . For777

the Zγ → ``γ process, the uncertainty increases from 3.5% at 100 GeV to 7.2% at high pT . Here, the778
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prescription in Equations 4.3 and 4.4 is used to compute the central value and uncertainty.779

Treating the scales as correlated between the processes, the scale variation for the transfer factor R is780

shown in Figure 4.8. The central value of R and the uncertainty band around it is taken according to781

Equations 4.3 and 4.4 applied to R.782

Figure 4.8: The transfer factor R = σ(ZZ → eeνν)/σ(Zγ → eeγ)(top), with the scales varied in a
correlated manner for both ZZ and Zγ processes. The bottom plot shows the relative ratio Ri/R0 of
the varied transfer factors to the central value.

The correlated scale uncertainty around R is lower compared to that of the individual cross sections.783

At 100 GeV, R≈ 0.404±0.004, or an uncertainty of 1%. At pT = 500 GeV, R≈ 0.553±0.005, the784

uncertainty is 1%, significantly lower than the large uncertainties (≈ 8%) obtained for the individual785

cross sections at high pT .786

Varying the scales does not provide a complete picture of the missing higher order contributions. In787

going from LO to NLO, a significant difference is observed in the cross section prediction for both788

processes. To account for process dependent effects of QCD corrections at higher orders, we use the789

NLO K-factor, defined as the ratio of the cross section at NLO to the cross section at LO, as shown in790

equation 4.7.791

K(V )
NLO =

σ
(V )
NLO

σ
(V )
LO

(4.7)

792

As seen in Figure 4.2a, the LO and NLO predictions for the transfer factor R agree quite well at high793

pT , indicating that the K-factors for the ZZ→ ``νν and Zγ → ``γ processes behave similarly in that794

regime, and that higher order QCD corrections are highly correlated between the two processes at high795

pT . The difference between the K-factors of the two processes will be a measure of the difference796

in the contribution of higher order QCD corrections to them. This difference, δKNLO, is taken as the797

K-factor uncertainty.798

The following assumption is made regarding the NLO K-factor.799

σ
(V )
NLO

σ
(V )
LO

>
σ
(V )
N∞LO

σ
(V )
NLO

(4.8)
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800

It is also assumed that the K-factor difference at NLO is less than the K-factor difference at higher801

orders.802 (
σ
(γ)
NLO

σ
(γ)
LO

−
σ
(Z)
NLO

σ
(Z)
LO

)
<

(
σ
(γ)
N∞LO

σ
(γ)
NLO

−
σ
(Z)
N∞LO

σ
(Z)
NLO

)
(4.9)

Figure 4.9 shows the K-factor distributions for both processes, as well as the K-factor uncertainty803

δKNLO = K(γ)
NLO(pT )−K(Z)

NLO(pT ). The K-factor grows larger as a function of pT (V ) for both pro-804

cesses. However, the difference between the two K-factors shrinks, due to the two processes being805

similar at high pT .806

Figure 4.9: The K factor to estimate the unknown process dependent correlations, defined as
σNLO(V )/σLO(V ). The bottom plot shows the difference between the ZZ and Zγ K-factors, δKNLO,
relative to K(Z).

Thus, the K-factor uncertainty δKNLO, is 4% at pT (V ) = 500 GeV. At low pT the K-factors differ807

significantly between the two processes, e.g. at 100 GeV the difference is 23.6%808

4.3.2 Uncertainty associated with Parton Distribution Functions809

The PDF set used for reference is the PDF4LHC15 [64] PDF set. The uncertainty on the PDFs is studied810

by using the 30 variations provided by the PDF4LHC15 set [64], constructed from the combination of811

CT14,MMHT14 and NNPDF3.0 PDF sets. These sets are provided by LHAPDF6 [65]. PDF4LHC15812

provides a set of variations that include those determined by different groups (MSTW, CTEQ and813

NNPDF). The set used here is PDF4LHC15 nlo 30, consisting of 30 members.814

Fig.4.10 shows the comparison of the ratio R(pT ) from the 30 member sets of PDF4LHC15 nlo 30.815

To measure the uncertainty due to these 30 variations, analogous to Equation 20 in Ref [64], Equation816

4.10 is used:817

δ
PDFR =

√√√√Nmem

∑
k=1

(R(k)−R(0))2 (4.10)

818
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where Nmem is the number of member sets in the group, in this case, 30.819

Figure 4.10: The transfer factor R = σ(ZZ→ ``νν )/σ(Zγ→ ``γ ) (top), and the relative ratio Ri/R0
of the transfer factor calculated using PDF sets 1-30, with respect to set 0 which is taken as the central
value.

The combined uncertainty around R≈ 0.404 is ±0.010, or about 2.3%, at 100 GeV. The uncertainty820

is about 1.8% at high pT values, with R≈ 0.523±0.009 at pT (V ) = 500 GeV.821

4.3.3 Photon Fragmentation Uncertainty822

To identify prompt photons, and separate them from photons that arise from showers or hadronic823

decay, it is necessary to isolate the photons from hadronic activity. Experimentally, photon isolation824

is implemented by limiting the hadronic energy in a cone around the photon to some fraction of the825

photon momentum. An alternative method is the smooth cone isolation, or the Frixione method which826

offers the advantage of avoiding fragmentation contributions and removing collinear singularities.827

Section 3.7 details these methods.828

In this analysis, R0 is chosen to be 0.4 to agree with the experimental definition. The two methods of829

photon isolation are very different. The central value is chosen to be from the sample using smooth830

cone isolation (Frixione) with εh = 0.075 and n = 1. These parameters are varied within a reasonable831

range to assess the uncertainty as shown in Figure 4.11. The parameters ε and n are varied to get a832

handle on the uncertainty associated with the Frixione isolation method. The experimental method833

of photon isolation is currently used in ATLAS analyses, and is therefore considered as well. The834

difference between the two different methods of isolation is expected to give a better handle on the835

uncertainties associated with the model of photon fragmentation.836
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Figure 4.11: R distribution as a function of pT , showing the uncertainty due to variation of photon
isolation parameters εh and n in the smooth cone isolation procedure (Frixione), and εh in the photon
isolation procedure. The lower panel shows the relative deviation of the varied sets from the central
value, as well as the uncertainty band.

The uncertainty is calculated from the four sets listed in Figure 4.11:837

δRi = |Ri−Rre f | i ∈ (1,2,3,4)

δR =
√

max
i=1,2,3

(δRi)2 +(δR4)2 (4.11)

838

as the effects assessed by changing the isolation definition in set 4, and varying the parameters in sets839

1-3 are different.840

The uncertainty is < 1.5% over the whole pT range, and is 0.8% at pT (V ) = 500 GeV.841
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4.4 Combined Uncertainties842

Combining the theoretical uncertainties due to missing higher order corrections, parton distribution843

functions, and photon fragmentation effects, Figure 4.12 shows the transfer factor R and its uncer-844

tainty.845

Figure 4.12: The transfer factor R with the combined theoretical uncertainties from missing higher
order QCD corrections, parton distribution functions, and photon fragmentation effects.

The combined uncertainties are large at low pT , with R = 0.404±0.096(23.8%) at 100 GeV. How-846

ever, the similarities in the ZZ → ``νν and Zγ → ``γ processes are apparent at high pT , with847

R = 0.523±0.024(4.6%) at 500 GeV.848
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Chapter 5849

Conclusion850

This thesis presents a method to estimate the Standard Model ZZ background to the ``+Emiss
T final851

state in a Higgs to Dark Matter search.852

Some BSM theories propose the Higgs boson as a mediator between Dark Matter and Standard Model853

particles. The Higgs boson is produced in association with a leptonically decaying Z boson, where-854

upon the Higgs boson decays into the invisible Dark Matter particles, resulting in a ``+Emiss
T final855

state. This thesis estimates contribution of the ZZ→ ``νν process to the Standard Model background856

in ``+Emiss
T final state.857

Estimated using Monte Carlo methods in Ref [53], an uncertainty of 10% was provided. This thesis858

summarizes the work on a data driven method using the Zγ→ ``γ process to estimate the ZZ→ ``νν859

contribution, as the two processes behave similarly at pT (V )�MZ; V = Z→ νν or γ , i.e. the mass860

of the Z boson is negligible compared to its transverse momentum.861

A transfer factor R is introduced as the ratio of the ZZ→ ``νν cross section to the Zγ → ``γ cross862

section, and the theoretical uncertainties upon R are estimated. The uncertainties due to missing863

higher order corrections are 23.6% at pT (V ) =100 GeV and 4.1% at pT (V ) = 500 GeV. Uncertainties864

due to parton distribution functions are 2.3% at 100 GeV, and 1.8% at 500 GeV. The uncertainties due865

to photon fragmentation effects are < 1.5% in the full pT range considered, and 0.8% at 500 GeV.866

The combined uncertainties are large at low pT , 23.8%, at 100 GeV, but are small at high pT , 4.6%867

at 500 GeV. While at low pT , the uncertainty obtained is inferior than the 10% uncertainty for the868

ZZ background obtained from ZH →``+Emiss
T search, the uncertainty is reduced by a factor of 2 at869

high pT . Thus, the transfer factor R can be used on Zγ → ``γ data to estimate the contribution of870

ZZ→ ``νν .871

5.1 Outlook872

This study was conducted at NLO using MCFM, a matrix element generator. Further studies are873

being conducted to reproduce these results and improve the uncertainty estimates by repeating the874

measurements at NNLO using MATRIX [66]. It is also necessary to account for detector effects and875

estimate experimental uncertainties, which will be conducted with Monte Carlo techiniques with the876

ATLAS framework. These studies are in progress, and are not within the scope of this thesis.877
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