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Abstract

This thesis presents three searches for new resonances in dijet invariant mass spectra. The
spectra are produced using /s = 13 TeV proton-proton collision data recorded by the
ATLAS detector. New dijet resonances are searched for in the mass range 200 GeV to 6.9
TeV in mass. Heavy new resonances, with masses above 1.1 TeV, are targeted by a high
mass dijet search. Light new resonances, with masses down to 200 GeV, are searched for
in dijet events with an associated high momentum object (a photon or a jet) arising from
initial state radiation. The associated object is used to efficiently trigger the recording of low
mass dijet events. All of the analyses presented in this thesis search for an excess of events,
localised in mass, above a data-derived estimate of the smoothly falling QCD background.
In each search no evidence for new resonances is observed, and the data are used to set
95% C.L. limits on the production cross-section times acceptance times branching ratio for
model-independent Gaussian resonance shapes, as well as benchmark signals. One particular
benchmark signal which is considered in all of the searches is an axial-vector Z’ dark matter

mediator model whose parameter space is reduced due to the results presented in this thesis.



Acknowledgements

There are many people who have contributed in some way to the completion of this thesis,

and I am sincerely grateful to all of you. I would like to name just a few of them here.

First and foremost, I would like to thank my supervisors, Todd Huffman and Cigdem Igsever,
for your endless support and encouragement, the helpful discussions that we have had, and

the advice that you have given me. It has been a pleasure to work with you both.

[ would like to thank Elizabeth Gallas for her help and support during my qualification task;
and all members of the Oxford ATLAS group for providing me with helpful feedback and

the perfect working environment.

I have had the priviledge of working in several fantastic analysis groups during my DPhil; I
would like to thank all members of the dijet analysis team, the dijet + ISR analysers and
the TLA team - it has been a pleasure to work with you all. In particular, I would like to
thank Katherine Pachal, for imparting some of her extensive statistical knowledge on me,
for helping me to get to grips with the statistics code, and for answering my questions at all
times of the day and night; and Antonio, Caterina, Francesco, Gabriel, James, Jeff, John,
Karol, Laurie, Lene, Prim, for all of the helpful discussions we have had, and for answering
my many questions. Thanks also to Frederik Beaujean for your helpful explanations of the
BAT package.

[ am extremely grateful to Shaun Gupta, Caterina Doglioni and Jonathan Bossio for teaching
me all about jet punch-through, and to Steven Schramm, Dag Gilbert and Andy Pilkington
for all of your helpful advice about the jet punch-through uncertainty.

I must also express my gratitude to STFC for funding my DPhil and making this thesis
possible; also to Wolfson College for funding my conference trips and providing me with the

perfect living environment.

My time in Oxford and at CERN would not have been the same without all of the wonderful
people I have been able to share it with. I would like to thank my friends at the Ox-
ford physics department, in particular, Anita, FengTing, Fikri, Jack, James, Jon, Kathryn,
Mariyan, Mark, Pete, Stephen, Tim, Will F and Will K for all of the discussions we have
had, both physics and non-physics related, and for all of the lunches, tea breaks and laughs



shared. I would also like to thank the whole of the LTA for making my time at CERN great,
and all my friends from Wolfson College, in particular, Claudia, Corina, Luke, Maurits and
Nina; I have many fond memories of all the BOPs attended, nights at Wolfson bar, tea

breaks after dinner, and everything else.

Claudio, I can’t thank you enough; you have been there for me through it all, providing
infinite support, encouragement and advice. I am looking forward to everything that life has

in store for us and all the adventures yet to come.

To Mum, Dad and Jordan, thank you for being there for me at all times, not only during
my DPhil, but throughout my whole life. Your support and encouragement has helped me
to get to where I am today, and I am immensely grateful for this. This is why this thesis is

dedicated to you.

11



Preface

The results presented in this thesis have been produced in collaboration between myself and
other members of the ATLAS Collaboration. The focus of this thesis is on my contributions
to obtaining these results; however, in order to make them understandable and to put them
into context a concise account of all stages involved in obtaining the results is included. My

main contributions are listed explicitly below.

Chapter 3: Physics Object Reconstruction in ATLAS

I produced all of the jet punch-through results shown in this chapter (with the exception of
the jet-punch through correction). This includes data-Monte Carlo comparisons of variables
related to jet punch-through, and the derivation of the systematic uncertainty associated
with the jet punch-through correction. The majority of the jet punch-through code was
written by me, and I have documented this code in [1], the other parts are based on the Run

I uncertainty code [2], and the JES_ResponseFitter package [3].

Chapter 4: Dijet Invariant Mass Spectra
I performed signal optimisation studies for the dijet + ~ analysis, contributing to the design

of the analysis selection. The signal optimisation code for these studies was written by me.

Chapter 5: Searching for Resonances

I performed background estimation studies and validated the search procedure for the high
mass dijet analysis and the dijet 4+ ISR analyses using Monte Carlo. This included performing
tests for the introduction of spurious signals, and for the robustness of the procedure in the
presence of a signal. I produced the final search phase results for the high mass dijet analysis

and for the dijet + ISR analyses using data.

Chapter 6: Limit Setting
I performed all of the limit setting for a range of new physics models and model-independent

Gaussian shapes for both the high mass dijet analysis and the dijet + ISR analyses.

In order to produce the results shown in Chapter 5 and Chapter 6, I adapted and developed
the Run I statistical analysis code [4], which utilises the BUMPHUNTER package [5] and the
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Bayesian Analysis Toolkit [6]. I have documented the code used to produce the final results
in [7]. For the dijet + ISR analysis I was solely responsible for the code development, and
for the high mass dijet analysis the code development was performed in collaboration with
Katherine Pachal.

The results from the high mass dijet analysis are published in [8]. The results from the
dijet + ISR analyses have been published in two ATLAS conference notes [9, 10]. I was
an editor for the conference note [10]. The systematic uncertainty associated with the jet

punch-through correction is part of publication [11].

In addition to the work presented in this thesis, during my DPhil I performed sensitivity
studies for the high mass dijet analysis, prior to data taking. I contributed to the limit setting
in the trigger-object level analysis, and performed a comparison between mass spectra for
trigger jets in the data-scouting stream and for offline jets; the results of this analysis are
published in an ATLAS conference note [12]. T advised the di-b-jet analysis team about the
use of the statistical framework, in particular, the application of systematic uncertainties;

the results of this analysis are published in an ATLAS conference note [13].

I also worked on the COnditions/COnfiguration Metadata for ATLAS (COMA) database,
loading Good Run List (GRL) metadata into the database, and collecting run and event
count metadata from the AMI, SFO and Conditions databases. My work made it possible
to develop the ‘COMA GRL Metadata Browser’ [14]. This interface allows users to find and
compare GRLs and provides their associated luminosity and run information. My work on

the database system qualified me as an author for the ATLAS Collaboration.
Please note that in this thesis figures with the label ‘ATLAS’ have been published in papers,

and those with the label ‘ATLAS Preliminary’ have been published in ATLAS conference

notes. Natural units are utilised throughout, ¢ = A = 1.
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Introduction

In the quest to further our knowledge about what the universe is made from, and the forces
which hold it together, humans have built particle accelerators with increasing centre-of-
mass energies (1/s), to try to discover new particles and interactions. In 2015, the Large
Hadron Collider (LHC) based at the European Organisation for Nuclear Research (CERN),
managed to reach the highest centre-of-mass energy ever achieved by a particle accelerator,
/s = 13 TeV. This allows us to explore higher energy scales, and to search for new heavy

particles whose production may have previously been kinematically forbidden.

The proton-proton (pp) collisions delivered by the LHC are recorded by detectors, producing
vast amounts of experimental data. Two such detectors are the ATLAS and CMS general
purpose detectors. In 2012, the ATLAS and CMS experiments completed the search for
Standard Model (SM) particles with the discovery of the Higgs Boson [15, 16]. The focus
of these two experiments is now to search for new Beyond Standard Model (BSM) particles
and interactions, as the Standard Model is an incomplete theory. This thesis describes three
analyses which use data recorded by the ATLAS detector to search for BSM phenomena in
the two jet (dijet) final state.

As the LHC is a hadron collider, there are several reasons why the dijet final state is an
interesting and important final state to search in. Firstly, new particles directly produced in
the collisions must couple to quarks and gluons, therefore they are also expected to be able
to decay to quarks and gluons, producing jets in the final state. For many BSM models, the
dijet production rate is large, even at relatively large fractions of the centre-of-mass energy.
Therefore, by using the dijet final state, high mass scales can be probed with relatively little
data.

This thesis focuses on searches for resonances in the dijet final state from the production
of new particles. As the invariant mass spectrum of dijet events is predicted by Quantum
Chromodynamics (QCD) to be smoothly falling with increasing dijet mass, resonances can
be searched for by looking for an excess of events, localised in mass, above the smoothly

falling background.



Three analyses are described in this thesis, one which targets the high mass region of the

dijet invariant mass spectrum, and two which target the low mass region:

e High mass dijet analysis (1.1 TeV and above)
e Dijet + ~ analysis (200 - 1500 GeV)

e Dijet + jet analysis (300 - 600 GeV)

The dijet + v and dijet + jet analyses are collectively referred to as the dijet + Initial State
Radiation analyses (or dijet + ISR analyses).

This thesis is organised as follows: In Chapter 1, the Standard Model is introduced, with
particular focus on proton-proton collisions, Quantum Chromodynamics, and the formation
of jets. The limitations of the Standard Model and possible extensions are also introduced,
with a focus on dark matter, and the motivation for performing the analyses documented
in this thesis is outlined. The LHC and the ATLAS detector are described in Chapter 2.
Chapter 3 details how jets are reconstructed and calibrated, together with how the systematic
uncertainties for these calibrations are derived. Particular focus is given to the description of
the uncertainty due the jet punch-through correction. The reconstruction of photons is also
described. The production of the dijet invariant mass spectra for the three analyses described
in this thesis is outlined in Chapter 4. The search techniques, validations, and results for
each analysis are given in Chapter 5. In the absence of observing new phenomena, limits are
set on benchmark models, and on model-independent Gaussian shapes, the techniques and

results for the limit setting are presented in Chapter 6.



Chapter 1

Theoretical Background

The theoretical description of particles and their interactions is provided by the Standard
Model of particle physics, also referred to as the Standard Model in this thesis. This theory
was finalised in the 1970s, and has been extremely successful, with experimental results
confirming the predictions of the Standard Model to increasing degrees of precision [17].
Despite the huge successes of the Standard Model, there are many reasons to believe that

this theory is incomplete, and that there is new physics ‘beyond’ the Standard Model.

In this chapter, a brief introduction to the Standard Model will be provided in Section 1.1,
with particular focus on the particle content and the fundamental forces it describes. Sec-
tion 1.2 focuses on features of the strong interaction, and the resulting phenomena of jet
formation. Section 1.3 describes the motives for searching beyond the Standard Model, and
provides examples of new physics models which could decay into pairs of jets. Finally, in
Section 1.4, the analyses described in this thesis are introduced, together with the reasons

for performing them.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) provides a theoretical description of all the known elementary
particles, and their interactions via three of the four fundamental forces: the electromagnetic
(EM) interaction, the weak interaction, and the strong interaction (the gravitational force
is not included in the Standard Model). It is a quantum field theory, with particles corre-
sponding to excitations of fields. The dynamics of these fields are encoded in the Standard
Model Lagrangian. A brief overview of the Standard Model will be provided here, for a
detailed description see [18, 19].
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The elementary particles described by the Standard Model can be divided into two classes:
particles with half integer spin (intrinsic angular momentum) are referred to as fermions, and
particles with integer spin are referred to as bosons. A summary of all the known elementary

particles is displayed in Figure 1.1.
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Figure 1.1: This figure [20] shows the elementary particles contained in the Standard Model,
together with a summary of their basic properties.

The fermions in the Standard Model make up the visible matter in the universe. They are all
spin % particles, and can be classified further into quarks and leptons. One key distinction
between quarks and leptons is that quarks can interact via the strong force, and leptons
cannot. There are six flavours of quark, and they are arranged into pairs, referred to as
generations. Quarks possess a fractional electric charge of +§ for up type quarks, and —% for
down type quarks. Similarly, there are six flavours of leptons, also arranged into generations.
The charged leptons possess a charge of -1, and the neutral leptons are called neutrinos.
For each of the fermions there exists a corresponding anti-fermion, with the same mass, but

opposite quantum numbers.
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The Standard Model is based on the gauge group SU(3) x SU(2) x U(1), where SU(3)
corresponds to the strong force, SU(2) corresponds to the weak force, and U(1) corresponds
to the electromagnetic force. The requirement for the Standard Model Lagrangian to be
unchanged under local gauge transformations introduces gauge bosons associated with each
gauge group. The gauge bosons in the Standard Model are all spin 1 particles and are the
mediators of interactions. The mediator of the electromagnetic force is the photon. The
photon is massless, electrically neutral, and interacts with charged particles. The mediators
of the weak force are the W+, W~ and Z° bosons, with the superscript indicating the
charge of the boson. These massive bosons can interact with fermions and also have self-
interactions. Finally, the mediator of the strong force is the gluon. The gluon is massless,

electrically neutral and can interact with quarks, and with itself.

The final particle in the Standard Model is the Higgs boson. The Higgs boson is a massive,
scalar boson, and is produced as a result of the Higgs mechanism [21, 22], which breaks the
SU(2) x U(1) symmetry, generating the masses of fermions and bosons. The Higgs boson
interacts with all massive particles, and therefore is predicted to have self-interactions. This

completes the particle content of the Standard Model.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory of the strong force (for a detailed review of
QCD see [23]). The mediator of the strong force, the gluon, can interact with any particles
possessing colour charge. Colour charge is the conserved quantum number of strong inter-
actions and is analogous to the electric charge in EM interactions. Quarks possess a colour
charge of red, green, or blue, and anti-quarks possess a colour charge of anti-red, anti-green,
or anti-blue, hence, quarks and anti-quarks can interact with gluons. There are in fact eight
types of gluons, each possessing a different superposition of colour and anti-colour charge,

and hence, gluons can interact with themselves.

Examples of QCD interaction vertices are shown in Figure 1.2. The interaction vertex
between a quark, an anti-quark, and a gluon denoted ¢, ¢, and g, respectively, is shown in
Figure 1.2(a). Figure 1.2(b) shows the three gluon self-interaction vertex. Figure 1.2(c) shows
the four gluon self-interaction vertex. The strength of the interaction at the vertices in Figure
1.2(a) and Figure 1.2(b) is proportional to the square root of the strong coupling constant
V@ (or equivalently to g, = y/4may). In Figure 1.2(c) the strength of the interaction is

proportional to a, (or equivalently to g2).
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q g

Figure 1.2: Figure (a) shows the annihilation of a quark, anti-quark pair ¢g producing a
gluon g. Figure (b) shows the splitting of a gluon into a pair of gluons. Figure (c¢) shows
the self-interaction between four gluons. The strength of the interaction at the vertices in
Figures (a) and (b) is proportional to y/a,. In Figure (c), the strength of the interaction at
the vertex is proportional to as.

1.2.1 Confinement and Asymptotic Freedom

A unique feature of QCD is the relationship between the strong coupling constant o, and
the momentum transfer of the interaction ). Figure 1.3 shows a, as a function of @,
illustrating the fact that in reality «, is not a constant, but runs with ). In contrast to the
electromagnetic coupling constant, which increases as a function of (), the strong coupling
constant decreases as a function of ), with ay, — 0 as () — oo. This phenomenon is referred
to as asymptotic freedom. The implication of asymptotic freedom is that when a probe with
sufficiently high energy interacts with a composite particle, the constituent quarks and gluons
behave like free particles and can be resolved [24]. Conversely, for low momentum transfer
the quarks are tightly bound by the gluons, forming colour neutral, composite particles; this

phenomenon is referred to as confinement. The composite particles formed from quarks are
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called hadrons. Hadrons composed of a quark and an anti-quark pair ¢g are called mesons,

and hadrons composed of three quarks qqq are called baryons (qqq is called an anti-baryon).

The magnitude of the strong coupling constant also has important consequences for the
calculation of physical quantities. In the high @ region where «; is small (< 1) perturba-
tion theory can safely be applied and observables can be expanded in a power series with
increasing orders of a; [25]. However, in the low @ region (Q < 1 GeV) ay is large (O(1))
and perturbation theory can no longer be utilised; the region is said to be non-perturbative.

The impact of this will be discussed in Section 1.2.3.
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Figure 1.3: The strong coupling constant « is shown as a function of the momentum transfer
of the interaction (). Each of the data points is from an experimental measurement of «,
and the world average is shown by the grey lines. This figure is taken from [26].

1.2.2 Jet Formation in Proton-Proton Collisions

In high energy collisions involving hadrons the processes of asymptotic freedom and confine-
ment can lead to the formation of collimated showers of colour neutral particles, referred to
as jets. The formation of jets in proton-proton collisions will now be described, following

[27, 28]. An illustration of jet formation is shown in Figure 1.4.
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Figure 1.4: This figure illustrates the stages of jet formation from the collision of two protons
p. The hard scattering process of gg — gg is illustrated in black in the centre. Initial State
Radiation (ISR) from the incoming partons involved in the collision is shown in pink, and
Final State Radiation (FSR) from the outgoing partons is shown in blue. The partons in
the proton which are not involved in the hard scattering process can interact, producing
the Underlying Event (UE) shown in orange. The transition from partons to hadrons is
represented by the light grey ovals, and the resulting hadrons are shown in green. This
figure is adapted from [29, 30].

The two incoming protons can be thought of as bags of partons (quarks and gluons). When
these high energy protons collide, a high @) interaction occurs between two partons, referred
to as the hard scattering process. In the hard scattering process a short lived resonance
particle could be created, for example, a Z boson. Alternatively, a standard QCD process
could occur, for example, gluon-gluon scattering gg — gg as shown in Figure 1.4. The hard
scattering process can result in the production of partons, either through the decay of a

created resonance, or through standard QCD processes.

In addition to the hard scattering process, the incoming partons can radiate particles, for
example, photons or gluons, producing Initial State Radiation (ISR). Similarly the outgoing

partons can produce Final State Radiation (FSR). The interactions of partons in the protons
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which were not involved in the hard scattering process form the so-called Underlying Event

(UE).

At sufficiently high energies, the partons produced in all of these interactions can split to
produce more partons (for example, ¢ — gg, ¢ — ¢q¢) forming a parton shower. The
partons produced in the splitting process are typically produced at a small angle to the
original parton; hence, the showers are collimated in the direction of the original parton.
Once the produced partons move further apart and reach lower energies they are no longer
asymptotically free and confinement takes over. The partons bind together to form hadrons
in a process called hadronisation. Hadronisation is a non-perturbative process and cannot
be explained from first principles. Instead models are used to describe this process. More

details about such models will be provided in the next section.

The end result is that each of the partons forms a collimated shower of hadrons in approx-
imately the same direction as the original parton which initiated the shower; this group of
hadrons is called a jet. Details about the algorithms used to reconstruct jets will be given
in Chapter 3.

1.2.3 Event Simulation

From an experimental perspective, one must be able to use the Standard Model or Beyond
Standard Model theory to make accurate predictions of the outcome of experiments. Often
such predictions are in the form of Monte Carlo simulations, in which all the stages listed in
the previous section are simulated on an event-by-event basis, producing a set of particles
for each event. For a large sample of generated events, the underlying distributions reflect

the probability distributions of the theory being simulated [31].

Monte Carlo simulations are utilised in many aspects of experimental analysis, including
calibration, analysis optimisation, and determination of systematic uncertainties. Many
analyses also utilise Monte Carlo simulations to model the expected background from Stan-
dard Model processes. However, for the analyses described in this thesis, the background
estimate is determined using an empirical fit to the data, as will be described in Chapter 5.
Background Monte Carlo samples are used to test the background estimation procedure
though and Monte Carlo simulations are utilised to model the predicted signal from Beyond

Standard Model processes.

Monte Carlo simulations are a broad and complicated topic, and only a very brief summary
of the key steps will be provided here. For a more detailed explanation see [28, 30], on which

this section is based.
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Hard Scattering

At the heart of a Monte Carlo simulation is a calculation of the cross-section for the hard
scattering process being simulated, reflecting the probability for the process to occur. The
calculation of the cross-section relies on the QCD factorisation theorem [32], which allows
us to separate (factorise) the perturbative hard scattering partonic cross-section, from the

non-perturbative low momentum interactions, which are described by Parton Distribution
Functions (PDFs).

The partonic cross-section is proportional to the square of the matrix element (transition
amplitude) for the process being simulated, and can be expanded using perturbation theory
with the coupling constant for the interaction as the expansion parameter. A finite number of
terms is used to approximate the partonic cross-section. Each of the terms in this expansion
can be calculated using Feynman diagrams with a corresponding set of Feynman Rules
derived from the Lagrangian of the Standard Model or Beyond Standard Model theory

being calculated. For details about calculations using Feynman diagrams see [33].

Figure 1.5 shows examples of Feynman diagrams for partonic processes which result in the
production of a pair of jets (dijet). Figure 1.5(a) shows an example of a t-channel process,
and Figure 1.5(b) shows an example of an s-channel process. QCD background is dominated
by t-channel processes, which have an enhanced cross-section for small angle scattering in
the centre of mass frame, as described in [27]. The diagrams shown correspond to leading
order in perturbation theory as they represent the lowest order in ag needed to produce a 2
— 2 process. If an additional quark or gluon is emitted, or a virtual loop is included, then

this is referred to as next-to-leading order [34].

(b)

Figure 1.5: These figures show examples of Feynman diagrams for the production of a pair
of partons via (a) t-channel gluon-gluon scattering gg — gg; and (b) s-channel quark, anti-
quark annihilation and production ¢ — ¢q.
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Matrix element generators are used to generate and compute the relevant Feynman diagrams.
The results are then convoluted with the PDFs and Monte Carlo methods are used to

compute the integrals in the cross-section calculation.
Parton Distribution Functions

The PDFs give the probability for a parton to carry a fraction = of the longitudinal mo-
mentum of the incoming proton, and have a dependence on the momentum transfer of the
hard scattering process (). The PDFs allow us to translate between the momentum of the
protons and the momentum of the partons taking part in the hard scattering process. Since
PDFs involve the non-perturbative region of ay, they are derived empirically. Several PDF

sets are available from different collaborations.
Parton Shower

As previously described, the hard scattering process does not occur in isolation, and both
the incoming and outgoing partons can radiate additional particles. Modelling the full 2 — n
process using matrix elements would be extremely complex and time consuming. Therefore,
an alternative approach is taken. The additional radiation is simulated using a parton
shower generator, and the hard scattering process is then merged with the parton shower.
The parton shower approach approximates shower formation using splitting functions, which
give the probability for partons to ‘split’ and produce new particles. This splitting continues

until a cut-off scale in @) is reached, typically 1 GeV.
Underlying Event

In addition to the hard scattering process and the ISR and FSR, the underlying event can
also produce partons. The underlying event refers to the interactions of the partons in the
two colliding protons which were not involved in the hard scattering process. Modelling the
underlying event is complex and will not be described here, for details about the modelling of
the underlying event see [35]. The simulation of the underlying event is typically performed
by the parton shower generator. The parton shower generator has ‘tunable parameters’ which
can be set to improve the modelling of the parton shower and underlying event; optimised

sets of these parameters are referred to as Monte Carlo tunes.
Hadronisation

As the partons produced in the previous steps move further apart and lose energy, they begin
to hadronise. As previously mentioned, due to the non-perturbative nature of hadronisation,
this process cannot be explained from first principles, and models are employed to simulate
hadronisation. There are two main models of hadronisation in use today. These are the
Lund string model [36] and the cluster model [37].
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In the Lund string model, quarks are joined together by strings which stretch as the quarks
separate. These strings can snap, producing a ¢q pair at the end of the two new strings.
This process continues until sufficient energy is no longer available, and the strings have

fragmented into hadrons.

In the cluster model, gluons split into ¢q pairs and form colour neutral clusters with neigh-

bouring partons. These clusters are then decayed into hadrons.

Hadronisation is typically performed by the parton shower generator. Two popular gen-
erators are the PYTHIA generator [38], which utilises the Lund string model, and the
SHERPA generator [39], which utilises the cluster model. PYTHIA and SHERPA are both

general purpose event generators and can also be used to generate matrix elements.
The final step is to simulate the decay of any unstable hadrons which have been produced.

Although each step in the Monte Carlo production has been described separately, the pro-
cesses are all closely interlinked. The Monte Carlo generated is said to be at truth level,
meaning that it is what we would obtain with a perfect detector. To obtain reconstructed
level Monte Carlo, i.e. the output obtained when the simulated particles interact with the
ATLAS detector, the truth level particles and additional particles from pile-up interactions
(interactions in other proton-proton collisions, described in full in the next chapter) are put
through a detector simulation using GEANT4 [40] within the ATLAS simulation infrastruc-
ture [41]. The energy deposits left in the simulated detector can then be reconstructed to
create particles in the same manner as the data reconstruction, which will be described in
Chapter 3.

1.3 Beyond the Standard Model

The Standard Model is able to provide accurate predictions for numerous interactions in-
volving three of the fundamental forces, providing impressive agreement with experimental
results. However, the Standard Model does not explain several experimentally observed

phenomena, indicating that it is not a complete theory.

As previously mentioned, the gravitational force is not included in the Standard Model.
At energies well below the Planck scale (~ 10'® TeV), the gravitational force is many or-
ders of magnitude weaker than the other three fundamental forces, and interactions via the
gravitational force can be neglected [42]. However, as we approach the Planck scale, when
gravitational interactions become comparable in strength to the other forces and can no

longer be neglected, the Standard Model breaks down.
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A further deficiency of the Standard Model is that it does not incorporate neutrino masses.
In the Standard Model, neutrinos are considered to be massless, however, the observation of

neutrinos oscillating from one flavour to another indicates that they have a non-zero mass.

Another key shortcoming of the Standard Model is that it does not provide a suitable dark
matter candidate, despite compelling experimental evidence for the existence of dark matter.
A brief summary of this evidence will be given, for further details see [26, 43, 44], on which
this section is based. In the 1930’s, a surprising observation was made by F. Zwicky [45].
Based on the amount of luminous matter, Zwicky estimated that the velocity dispersion of the
galaxies in the Coma cluster should be ~ 80 km s~'. However, his measurements indicated

that the velocity dispersion was in fact ~ 1000 km s .

With the profound implication
that there is ‘non-luminous’ (dark) matter providing the additional gravitational attraction
needed to hold the galaxies within the cluster. Since then, numerous measurements have

provided powerful support for dark matter.

In 1980, Rubin, Ford and Thonnard measured rotation curves for 21 spiral galaxies [46].
The rotation curves show the orbital velocity of stars and gas clouds in each galaxy as a
function of their radial distance from the centre. From Newtonian dynamics, the following

relationship between velocity v(r) and radial distance r is expected:

v(r) = GM(T), (1.1)

r

where G is the gravitational constant and M (r) is the mass within radius r. Beyond the
galactic disk, M(r) is expected to be constant, and velocity would fall off as v(r) o \/%;
However, the observed rotation curves displayed a slow rise in velocity beyond the galactic
disk, as sketched in Figure 1.6. These results indicate that the galactic disk is surrounded

by a large halo of dark matter, providing additional mass.

One could imagine that these observed effects could be due to modified gravitational forces,
affecting the rotations of stars and galaxies, rather than particulate dark matter. How-
ever, the famous ‘bullet cluster’, shown in Figure 1.7 is difficult to explain using theories
of modified gravity. The figure shows the collision between two clusters of galaxies. When
these clusters collide, the hot gas from each cluster (shown in pink) interacts and slows
down, whereas the inferred dark matter (shown in purple), passes through the gas clouds
with minimal interaction [49]. The hot gas is observed via its X-ray emissions, which are
recorded by NASA’s Chandra X-ray Observatory, and the non-luminous matter is measured

via gravitational lensing [49].
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Figure 1.6: This figure sketches the expected galactic rotation curve in red, assuming only
luminous matter, and the observed rotation curve in yellow, which does not drop off beyond
the galactic disk. Figure adapted from [47, 48].

Figure 1.7: The bullet cluster shows the collision between two clusters of galaxies. The hot
gas, shown in red, is measured via its emission of X-rays, and the inferred dark matter,
shown in purple, is measured via gravitational lensing [49].

The evidence presented so far strongly supports the existence of dark matter, but does not
quantify the relative abundance of dark matter. The latest Planck space mission has provided
the most precise measurement of anisotropies in the Cosmic Microwave Background (CMB)
to date [50]. The CMB is relic radiation from the early universe. Measurements of the CMB
anisotropies (temperature fluctuations) can be compared to the predictions from cosmological
models, constraining the parameters of the model. The standard cosmological model was
considered, called the ACDM model, where A is the cosmological constant representing dark

energy, and CDM stands for Cold Dark Matter, i.e. dark matter particles which move
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slowly with respect to the speed of light. One of the parameters in this model is the relative
abundance of dark matter, which is determined to be 26%. The remaining mass-energy in

the universe is divided between visible matter (5%) and dark energy (69%).

These astrophysical observations illustrate that there is compelling evidence for the existence
of dark matter. One of the fundamental aims of particle physics is to identify and characterise

dark matter.

In order to address some of the outlined deficiencies of the Standard Model, and to address
more ‘aesthetic’ issues, such as why the quarks and leptons are arranged into three gener-
ations with a mass hierarchy, theorists have developed many new Beyond Standard Model
(BSM) theories. The analyses presented in this thesis aim to search for BSM physics via the
s-channel production of a new resonance, as illustrated in Figure 1.8, resulting in a localised
excess in the dijet invariant mass spectrum at the mass of the resonance. A model indepen-
dent approach is taken, in which we search for new resonances from any BSM model. In
the absence of observing new BSM physics, several models are utilised as ‘benchmarks’ to
assess the progress of the analysis, and to show the phase space excluded for these models
by our analyses. Additionally, some of these benchmark models are used in the optimisation
of the analysis. A brief summary of these benchmark BSM theories will now be presented,
together with the motivations behind them. Note that the Z’ dark matter mediator model
is utilised in all of the analyses described in this thesis, and the other models described here

are only utilised in the high mass dijet analysis.

Q7Q7g Q7Q7g

Figure 1.8: Feynman diagram showing the s-channel production of a new resonance X, and
its subsequent decay into a pair of partons.
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1.3.1 7' Dark Matter Mediator

There is substantial evidence that a large fraction of our universe is composed of dark
matter. This evidence suggests that dark matter is particulate, neutral, and interacts via the
gravitational force [26]. A well motivated cold dark matter candidate is a Weakly Interacting
Massive Particle (WIMP). It can be shown that a O(GeV - TeV) particle with weak scale
couplings could produce the observed dark matter abundance. This phenomenon is known
as the WIMP miracle [51].

In the analyses described in this thesis, we search for a weak scale dark matter mediator
particle Z’, which links the Standard Model particles to dark matter particles. By searching
for the dark matter mediator through its decay to quarks, we can access phase space which is
kinematically inaccessible for other analyses which search for dark matter particles directly,
making our approach complementary [52]. The model utilised is recommended by the ATLAS
and CMS Dark Matter Forum to maintain consistency between searches, and is described in
detail in [53]. The new particles and parameters introduced by the model are illustrated in
Figure 1.9. Figure 1.9(a) shows the decay of the Z’ particle to a pair of dark matter particles
XX, and Figure 1.9(b) shows the decay of the Z’ particle to a ¢¢ pair, which would result in

the production of a dijet resonance.

q X (my) q q
Z/ (’I’I’LZ/) // Z/ (mZ’)
9q :QDM 9q 9q
\\\
q A X (mx) q q
(a) (b)

Figure 1.9: Feynman diagrams showing the production of a Z’ with mass my/, and its
subsequent decay to (a) a pair of dark matter particles xy, each with mass m,; and (b) a
pair of quarks ¢g. The Z’ coupling to quarks is denoted g,, and the Z’ coupling to dark
matter particles is denoted gpy. Figure adapted from [53].

The dark matter particle x is a fermion with mass m,, and the dark matter mediator particle
7" is a spin 1 boson (from the addition of a U(1) gauge group) with mass my and axial-
vector couplings to quarks and to x. The Z’ coupling to quarks is universal for all quark
flavours and is denoted by g4, and the coupling to the dark matter particles is denoted by
gpm- The coupling of the Z’ to leptons is forbidden, making it lepto-phobic.
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Note that previous dijet analyses utilised a baryonic Z’ model. References and comparisons
to this model will be made in this thesis, so a very brief description of the key features is
given (for full details see [54]). The baryonic Z’ is also lepto-phobic, but has no coupling
to dark matter and has vector couplings to quarks. For this model, the coupling to quarks
is denoted by ¢p, and gp is related to g, for the Z’ model utilised in this thesis by a factor
of 6 (g, = %2), due to a difference in the definition of the coupling (the baryonic Z" model

includes the number of quarks in the definition of the coupling).

1.3.2 Heavy W’ Boson

Heavy spin 1 bosons are predicted in many theories with additional gauge groups. The
particular case we consider here is the charged W' bosons from the Sequential Standard
Model [55], in which the new bosons are heavier versions of the Standard Model W bosons,

with the same couplings.

1.3.3 Excited Quarks

Excited quarks ¢* [56, 57] are a typical signature of composite quark models. In such models
quarks are not point-like, but are in fact a bound state of constituent particles. If true, this
could help to explain the generation structure and mass hierarchy of quarks. Excited quark
models have been used in many previous dijet resonance searches. Hence, the inclusion of

this model facilitates the comparison of results.

1.3.4 Quantum Black Holes

The fundamental scale of gravity, the Planck scale, is 16 orders of magnitude above the
Electroweak scale; a phenomenon referred to as the hierarchy problem. As a consequence, the
gravitational force is much weaker than the other fundamental forces. A possible explanation
for this could be that the gravitational force is of similar strength to the other forces, but it
appears to be weak as it can propagate in additional space-time dimensions. Two popular
models of extra dimensions are the ADD (Arkani-Hamed Dimopoulos Dvali) model [58, 59],
which introduces 6 large extra dimensions, and the RS (Randall Sundrum) model [60], which
introduces 1 additional warped dimension. Such extra dimensions can be searched for at the
LHC through their effects on gravity. The extra dimensions can lower the fundamental scale
of gravity Mp to the TeV scale, with the consequence that micro black holes could be formed
in parton-parton collisions at the LHC [61]. Micro black holes with masses ~ M are called

quantum black holes and could decay to 2-body final states, as described in [62]. This gives
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rise to a resonance shape in the dijet invariant mass distribution, due to the combination of
a production turn on effect once the mass threshold for black hole production Mry, is passed,
coupled with strongly falling parton distribution functions, resulting in an excess of events
at ~ Mry,.

1.4 Dijet Resonance Searches and Motivation

In order to guide and test the theoretical extensions to the Standard Model, experimentalists
conduct searches for new BSM particles and interactions, and set exclusion limits on physical
attributes (e.g. mass or production cross-section) of benchmark models. There are many
different final states and experimental signatures that one could use to conduct searches
for BSM physics. This thesis focuses on the search for resonances in dijet final states. As
mentioned in the introduction, there are many reasons why the dijet final state is interesting.
A more detailed explanation of the motivation for using the dijet final state will be given
here, with references to the limits achieved by previous analyses, and explanations about
why searching for resonances in the full dijet invariant mass distribution, including both at

high and low masses, is interesting.

Dijet resonance searches have a long history at hadron colliders. Searches were conducted by
the UA1 and UA2 experiments at CERN during the 1980’s and 1990’s in /s = 0.63 TeV pp
collisions [63-68], the CDF and D0 experiments at Fermilab in the 1990’s and 2000’s in /s =
1.8—1.96 TeV pp collisions [69-75], and since 2010 by the ATLAS and CMS experiments at
CERN in /s = 7—8 TeV pp collisions [76-87]. All of the dijet resonance searches performed
so far have seen no evidence for new resonances. However, this should not deter experiments
from continuing to search for dijet resonances. With each increase in centre-of-mass energy of
a collider, higher dijet masses than ever before become accessible. As dataset sizes increase
so does the sensitivity to small cross-section resonances. The centre-of-mass energy and
dataset size are the key factors that determine the sensitivity of the search, and both have

increased significantly over time.

By comparing the exclusion limits obtained from dijet resonance searches performed at
experiments with different centre-of-mass energies and dataset sizes, we can see the impact
these factors have on the sensitivity of the search. Figure 1.10 shows several exclusion
limits in the plane of quark coupling gp versus mass my; for the baryonic Z' model. Tt
can be seen that the more recent experiments, which have a significantly higher centre-of-
mass energy, extend the limits to much higher masses than previous experiments. This
motivates performing the high mass dijet resonance search presented in this thesis since the
LHC nearly doubled its centre-of-mass energy from /s = 8 TeV to /s = 13 TeV in 2015.
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Figure 1.10: This figure shows the limit contours for a variety of different experiments
(UA2, CDF, CMS and ATLAS), with different dataset sizes and centre-of-mass energies.
The limits are in the plane of the quark coupling gp versus mass my; for the baryonic Z’
model described in Section 1.3.1. Quark couplings above the contours are excluded at 95%
C.L. This plot is adapted from [88, 89]'.

Figure 1.10 also illustrates the need to continue searching at low dijet invariant masses, as
it shows that at low masses, in particular below 500 GeV, the limits are weaker, and some
of the older experiments are setting the most stringent limits, even with small dataset sizes.
The reason for this is that as experiments achieve higher centre-of-mass energies, the QCD
background at low masses becomes immense [54]. In order to cope with the huge background
rates, experiments are forced to introduce minimum thresholds on the transverse energy (Er)
of jets at the trigger level, and to discard increasing fractions of events if these thresholds are
lower, resulting in a loss of sensitivity at low masses. In order to avoid these experimental
restrictions, modern experiments must use new techniques in order to be sensitive to the
lower dijet mass regions. This thesis presents two searches in which an initial state radiation
object (a jet or a photon) is used to trigger the event; this reduces the Er requirements on

the jets that form the dijet, enabling us to efficiently gather low dijet mass events.

!The majority of the limit contours were produced by reinterpreting model-independent limits, using the
technique outlined by Dobrescu and Yu in [54]. The results published by the ATLAS Collaboration with a
20.3 fb~! dataset collected at /s = 8 TeV [87] were added using the same technique. The CMS Scouting
result was added by digitising the limit contour in [90] using WebPlotDigitizer [91].
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The ATLAS Experiment

In order to search beyond the Standard Model of particle physics, and to study the Stan-
dard Model itself, a particle detector is needed. The ATLAS (A Toroidal LHC ApparatuS)
detector is a large general-purpose particle detector which records the proton-proton colli-
sions produced by the Large Hadron Collider (LHC). The analyses presented in this thesis
utilise data which is recorded by the ATLAS detector. A detailed description of the ATLAS
detector and the LHC are provided in [92] and [93], respectively, and a very brief summary
will be provided in this chapter.

The Large Hadron Collider is introduced in Section 2.1, and the ATLAS detector is described
in Section 2.2, with particular focus given to the calorimeter systems, as these are essential

to the reconstruction and study of jets.

2.1 The Large Hadron Collider

The proton-proton collisions recorded by the ATLAS detector in 2015 and 2016 had an
unprecedented centre-of-mass energy of /s = 13 TeV. In order to achieve such high energies,
bunches of protons are accelerated to increasing energies by a chain of particle accelerators,
as illustrated in Figure 2.1. The final accelerator in the chain is the Large Hadron Collider, in
which the bunches of protons are accelerated in opposite directions in two separate vacuum
tubes. The LHC ring is 27 km in circumference, and approximately 100 m underground. At
four points around the ring, the bunches of protons from each tube cross, and the collisions

are recorded by particle detectors, as shown in Figure 2.1. One of these collision points is
inside the ATLAS detector.

20
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Figure 2.1: This figure shows a diagram of the CERN accelerator complex. The speed and
energy of the injected protons is increased by a chain of accelerators: a linear accelerator
(Linac), the Booster, the Proton Synchotron (PS), and the Super Proton Synchotron (SPS)
accelerators, before entering the LHC ring. The protons are then accelerated further in
opposite directions, before colliding inside the ALICE, CMS, LHCb and ATLAS detectors.
This figure is adapted from [94].

In addition to the centre-of-mass energy, another key quantity for an accelerator is the

instantaneous luminosity L;,ss which is related to the number of events per unit time %
and to the cross-section for an event to occur o by the following equation [95]:
dN
Eins g = —. 2.1
0= (2.1)

By integrating the instantaneous luminosity with respect to time, we obtain the integrated
luminosity L;,; referred to as luminosity from now on. The luminosity is given by L;,; = g,
hence, in order to search for events with a low cross-section, a high luminosity is needed,
making luminosity a very important quantity. The size of a dataset is quantified in terms of

luminosity, with a larger dataset corresponding to a higher luminosity.

The luminosity gathered in a given time period is determined by the LHC running conditions
and bunch parameters, for example, the number of protons in each bunch and the number
of bunches [95]. When altering these parameters, there is a trade off between increasing
the luminosity and the amount of pile-up, where pile-up refers to additional proton-proton

interactions being included in the event. In the context of jets, these additional interactions
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can alter the energy of the jets in the event of interest, and they can also lead to additional jets
being present. There are two types of pile-up, referred to as in-time pile-up and out-of-time
pile-up. In-time pile-up occurs when multiple proton-proton interactions occur within one
bunch-crossing [96]. In contrast, out-of-time pile-up occurs when signals from interactions
in prior bunch-crossings are included in the event being processed [96], due to the energy
measurement time being greater than the bunch spacing. In 2015, the number of bunches
was increased and the bunch spacing was reduced from 50 ns to 25 ns, thus increasing the

luminosity, but also increasing the out-of-time pile-up.

Two main variables are used to quantify the amount of pile-up for a given LHC running
configuration. The first variable is the number of primary vertices in the event of interest
Npy, where a primary vertex corresponds to a proton-proton interaction point, and is the
intersection point of at least two charged particle tracks [97]. This variable is used to quantify
the amount of in-time pile-up. The second variable is the mean number of simultaneous
inelastic proton-proton interactions being recorded in a single bunch crossing g which is

used to quantify the amount of out-of-time pile-up [96].

Figure 2.2(a) shows the distribution of y for data collected in 2015 and 2016. On average,
i is higher for the data collected in 2016, indicating that there is more out-of-time pile-up.
Figure 2.2(b) shows the integrated luminosity as a function of time for the years 2011 to
2016. The luminosity profile steeply rises in 2016, indicating that the running conditions and
beam parameters have been altered to achieve a higher luminosity; for full details about the
parameters utilised in 2015 and early 2016 see [98]. Note that the LHC operational period
from 2009 to 2013 is referred to as Run I, and the operational period from 2015 to 2018 is
referred to as Run II, with a two year upgrade period in between from 2013 to 2015.
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Figure 2.2: Figure 2.2(a), taken from [99], shows the distribution of the mean number of
inelastic proton-proton interactions per bunch crossing for data collected in 2015 and 2016.
The value of Tipelastic in the calculation of p is taken to be 80 mb. Figure 2.2(b), taken from
[100], shows the luminosity as a function of time for the years 2011 - 2016.
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In addition to categorising the proton-proton collision data recorded by ATLAS based on
year, the data are further divided into runs. A run corresponds to a continuous period of data
taking (typically a few hours long), during which many LHC and ATLAS configurations are
fixed. For example, the proton-proton bunch spacing can not be changed during a run. Each
run is further divided into luminosity blocks (typically one or two minutes of data taking),
in which the instantaneous luminosity and the ATLAS and LHC conditions are assumed to
be constant [101].

2.2 The ATLAS Detector

The ATLAS detector is cylindrical in shape, as shown in Figure 2.3, and covers nearly the
entire solid angle. The labels in Figure 2.3 highlight the sub-detectors of which ATLAS is
composed. The beam pipe passes through the centre of ATLAS, and is surrounded by layers
of tracking detectors (collectively referred to as the inner detector) through which a 2 T
solenoidal magnetic field passes. Outside of the inner detector are the electromagnetic and
hadronic calorimeters, and surrounding the calorimeters is the muon spectrometer, which is
immersed in a toroidal magnetic field. The ATLAS detector is divided into three regions:
the barrel region in the centre, where sub-detectors form layers parallel to the beam pipe,
the end-cap region, where the sub-detectors are positioned perpendicular to the beam pipe,

and the forward region, where the calorimeters are positioned close to the beam line [102].

The ATLAS coordinate system is right-handed, with the origin at the centre of the ATLAS
detector (z,y,2) = (0,0,0), where the positive = direction points towards the centre of the
LHC ring, the positive y direction points upwards, and the positive z direction points in the
anti-clockwise direction, along the beam line. Often it is useful to use cylindrical coordinates,
with the distance from the z-axis origin denoted r, and the azimuthal angle measured in the
xr — y plane denoted ¢. The rapidity is given by y = %ln(%gz), where F is the particle
energy and p, is the particle momentum in the +z direction. Note that from now onwards,
y will always refer to rapidity and not to the coordinate y, unless explicitly stated otherwise.
For massless particles, the rapidity is equal to the pseudo-rapidity 7, which is measured
from the beam line, and is related to the polar angle 6 by n = —In(tan(£)). The transverse
momentum of a particle pr, and the transverse energy of a particle Er, are measured in the
x — y plane. The angular separation between two particles in n — ¢ space is given by AR =
V/ (An)?2 + (A¢)2. A brief description of each of the ATLAS sub-detectors will now be given,
before describing the ATLAS trigger system.
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Figure 2.3: The ATLAS detector and its sub-detectors are shown. This figure is taken from
[103].

2.2.1 Inner Detector

The Inner Detector (ID) provides precision tracking information for charged particles in the
range |n| < 2.5. This is achieved through the use of fine granularity silicon detectors (pixels
and micro-strips) [104] close to the beam pipe, surrounded by proportional drift tubes (straw

tubes) filled with a Xenon or Argon gas mixture [105], as shown in Figure 2.4.

Each of these detectors (pixel, strip and straw) record hit information, indicating the detec-
tion of a charged particle. The hits are then combined to reconstruct particle tracks, and
subsequently vertices. Since the inner detector is immersed in a magentic field, the trajec-
tory of the charged particle is curved. The curvature of the track is utilised to determine

the charge and momentum of the particle.

The inner-most sub-detector is the pixel detector, consisting of more than 80 million pixels
[107], arranged into four layers of pixels in the barrel region and three disks of pixels in each
end-cap region. The layer of pixels closest to the beam line were added for Run II, and are
referred to as the Insertable B-layer (IBL) [107]. The IBL is positioned at a radius of 33.25
mm from the beam line. The close proximity to the beam line and high spatial resolution
(design: ~ 8 um in 7 — ¢ and ~ 40 pm in z [108]) of the IBL improves the precision of
the tracking and vertexing information, and therefore improves the reconstruction of jets

containing B-hadrons (b-jets), which typically contain a secondary vertex.
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Figure 2.4: The sub-detectors of the inner detector are shown for the barrel region, together
with their distance from the beam line. From the beam line outwards, the sub-detectors are:
the Insertable B-layer (IBL), the pixel detector, the Semiconductor Tracker (SCT), and the
Transition Radiation Tracker (TRT). This figure is taken from [106].

At a larger radius from the beam line, starting at » =299 mm, lies the Semiconductor Tracker
(SCT). The SCT consists of 4 layers of paired micro-strip detectors in the barrel, and 9 disks
of paired micro-strip detectors in the end-cap. The micro-strips are paired with a small
stereo angle between them, as this enables the measurement of an additional dimension, i.e.

the z position in the barrel region, and the r position in the end-cap.

The outer-most sub-detector in the ID is the Transition Radiation Tracker (TRT), starting
at 554 mm from the beam line and extending to 1082 mm, and covering the range || <
2. The TRT consists of more than 350,000 straw tubes [108] which are aligned parallel
to the beam line in the barrel region, and arranged radially in the end-caps. These tubes
provide r — ¢ hit position information in the barrel and ¢ — z information in the end-cap,
and a typical charged particle will pass through at least 36 straws. In addition to providing
tracking information, the TRT is also used for particle identification. The hits are classified
into ‘low threshold” hits and ‘high threshold’ hits, based on the size of the signal detected
[109]. High threshold hits typically indicate the presence of transition radiation from the
passage of an electron through the TRT.
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2.2.2 Calorimeters

Outside the tracking system are the calorimeters. The purpose of calorimeters is to measure
the energy of particles. In order to do this, layers of dense absorber material is used to
induce a cascade of lower energy particles called a shower, and to contain the shower within
the calorimeter. We can then reconstruct the energy of the particle which initiated the
shower by measuring the energy of all the shower particles. The energy of the shower
particles is measured in the active material, for example, through ionisation or scintillation.
In ATLAS separate materials are utilised for the absorber and the active material, and these
are arranged in alternating layers. This type of calorimeter is referred to as a sampling
calorimeter. Details about shower development and calorimeter design are given in [26, 110,

111}, and a brief overview will be provided here.

When high energy electrons, positrons or photons travel through the dense absorber material,
energy losses due to bremsstrahlung and electron-positron pair production dominate. These
processes produce a cascade of lower energy electrons, positrons and photons, collectively
referred to as an electromagnetic shower. Once the particles produced in the shower reach a

sufficiently low energy, ionisation interactions dominate and the particle shower ends.

The particle cascade produced by hadronic particles are referred to as hadronic showers.
These are much more complex, due to the additional interactions via the strong force. As
previously described, isolated partons hadronise creating sprays of particles called jets. Ap-
proximately 90% of the particles produced during hadronisation are pions (mesons composed
of u and d quarks and anti-quarks) and ~ % of these pions are neutral 7°. The decay of
neutral pions typically results in the production of two photons, producing electromagnetic
showers. The energy contained within the electromagnetic shower increases with the energy
of the initial 7%, and hence, this contribution varies for each jet. In addition to electromag-
netic interactions, there are also nuclear reactions. Many of these reactions produce charged
particles which deposit energy via ionisation. However, some of the reactions result in the
liberation of nucleons from nuclei, if the shower particle supplies enough energy to overcome
the binding energy. The energy expended to overcome the binding energy is not recorded
by the calorimeter, resulting in so-called invisible energy. Additionally, a small fraction of
energy can be lost due to the production of neutrinos, which escape un-detected, resulting

in escaped energy. Examples of these processes are shown in Figure 2.5.

Due to the presence of invisible and escaped energy in hadronic showers, a calorimeter
typically measures a lower fraction of the energy of the hadronic component of the shower, i.e.
it has a lower response to the hadronic component than to the electromagnetic component. If

this effect is not compensated for, then the calorimeter is described as non-compensating. The
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calorimeters employed by ATLAS are non-compensating, and hence, the mis-measurement

of the hadronic energy needs to be accounted for by calibrations, as described in Chapter 3.

Figure 2.5: A schematic diagram [112] of a hadronic shower, showing the contributions to
the shower energy.

The shower profiles for electromagnetic and hadronic showers are conveniently expressed by
the radiation length X, and the nuclear interaction length \;,;, respectively. The radiation
length is the average length over which an electron loses 1 — % ~ 63% of its energy via
bremsstrahlung, and a photon travels on average %XO before undergoing pair production. A
hadron, however, travels on average one \;,; before undergoing a nuclear reaction. Typically
Aint 18 much larger than Xy. As an example, for lead, which is a common absorber material,
Xp is 0.56 cm, and A, is 17.59cm [26]. This indicates that generally more material is needed
to contain the hadronic shower than the electromagnetic shower. This can be exploited
for particle identification purposes, by having a separate electromagnetic calorimeter and
hadronic calorimeter. The electromagnetic calorimeter aims to fully contain electromagnetic
showers, and the hadronic calorimeter, which is positioned outside of the electromagnetic
calorimeter, aims to fully contain hadronic showers. Therefore, only hadronic particles should
initiate showers which extend into the hadronic calorimeter. Note that both hadronic and
electromagnetic interactions can occur in both detectors. Due to the larger depth needed to
contain hadronic showers, it is not practical to build a hadronic calorimeter which can contain
every particle created in the shower. Therefore, hadronic showers can ‘leak’ outside of the

calorimeter. This effect is referred to as longitudinal shower leakage or jet punch-through.
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The ATLAS calorimeter system is shown in Figure 2.6. The electromagnetic calorimeter is
more than 22 X thick in the barrel region, and more than 24 X thick in the end-cap region,
so the electromagnetic shower should be well contained in the EM calorimeter. The hadronic
calorimeter is approximately 9.7 \;,; in the barrel, and 10 \;,; in the end-caps; details about
the material profile of the hadronic calorimeter will be given in Chapter 3, in the context of

jet punch-through.
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Figure 2.6: The layout and sub-detectors of the calorimeter systems are shown. The calorime-
ters lie outside of the inner detector and the solenoidal magnet system. The electromagnetic
calorimeter consists of the LAr barrel calorimeter, the inner LAr end-cap calorimeters, and
the first layer of the forward calorimeters. The hadronic calorimeter consists of the tile barrel
calorimeter, the tile extended barrel calorimeter, the outer LAr end-cap calorimeters, and
the second two layers of the forward calorimeters. This figure is taken from [113].

Electromagentic Calorimeter

The electromagnetic calorimeter (EM calorimeter) is a sampling calorimeter, utilising lead
as the absorber and liquid Argon as the active material, covering the range |n| < 3.2. As
shown in Figure 2.6, the EM calorimeter is divided into the EM barrel calorimeter, spanning
In| < 1.475, and two EM end-cap calorimeters (EMEC), spanning 1.375 < |n| < 3.2.

When a charged particle traverses the active layers of the calorimeter, it ionises the liquid

Argon, liberating electrons. These electrons drift under the influence of an electric field and
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are collected on electrodes between the lead layers, producing a current proportional to the
energy of the charged particle [114]. The lead absorber layers and the electrodes are arranged
in an accordion-shaped pattern, as shown in Figure 2.7, ensuring full coverage in ¢, without
any cracks. The layers in the end-cap region also have an accordion-shaped pattern; however,

they are arranged in the radial direction, rather than axially, as in the barrel region.
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Figure 2.7: This diagram shows the layout and segmentation of the electromagnetic barrel
calorimeter and the pre-sampler (PS). The dimensions of the calorimeter cells and trigger
towers are illustrated. This figure is taken from [115].

As shown in Figure 2.7, the EM barrel calorimeter is divided up into three layers, referred
to as layers 1, 2 and 3, or the front, middle and back layers, where layer 1 (the front layer)
is closest to the beam line. The calorimeter is segmented in each layer, with the dimensions
shown in the figure. Fine segmentation, i.e. small calorimeter cells, are utilised in the front
layer, providing precise information about the shower position. The middle layer is coarser
and records the majority of the electromagnetic shower energy, and the back layer is coarser
still and records the tail of the electromagnetic shower. A single active layer of liquid Argon,
referred to as a pre-sampler (PS), is placed before the EM calorimeter. The PS spans the
region |n| < 1.8, and is used to estimate the energy lost by electrons, positrons and photons

upstream of the EM calorimeter.

The region 1.37 < |n| < 1.52 is referred to as the transition region or ‘crack’ region between
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the barrel and end-cap calorimeters. This region is poorly instrumented, due to the presence
of cables and detector services, and the energy resolution (the spread of the measured energy
with respect to the true value) is degraded. This region is usually excluded when utilising
photons in an analysis, or when performing precise measurements involving electrons. Ad-
ditionally, the region |n| > 2.37 is typically not included in analyses utilising photons as the
fine granularity strips shown in Figure 2.7 only extend to |n| < 2.37 [116].

Hadronic Calorimeter

Surrounding the EM calorimeters is the hadronic calorimeter. The hadronic calorimeter
is divided into the tile calorimeter, two hadronic end-cap calorimeters, and two forward
calorimeters. As shown in figure 2.6, the tile calorimeter is composed of the tile barrel
calorimeter, spanning |n| < 1, and two tile extended barrel calorimeters, spanning 0.8 < || <
1.7. The hadronic end-cap calorimeters (HEC) span 1.5 < |n| < 3.2, and the forward
calorimeter (FCal) spans 3.1 < || < 4.9. Note that the transition regions between the

detectors tend to be more poorly instrumented, with a reduction in material in these regions.

The tile calorimeter utilises alternating tiles of steel absorber and plastic scintillator as the
active material, as shown in Figure 2.8. The steel tiles are much thicker than the scintillator
tiles, providing more material to help contain the shower. In both the barrel and the extended
barrel, the tiles are arranged in three layers, with a cell size of 0.1 x 0.1 (An x A¢) in the first
two layers and 0.2 x 0.1 (An x A¢) in the final layer. This is coarser than the granularity
in the EM calorimeter, as hadronic showers tend to be larger than electromagnetic showers,
both laterally and longitudinally, and do not require such fine granularity. When a particle
traverses the scintillator tiles, light is produced due to the excitation and de-excitation of
atoms in the scintillator [117]. The light then passes through a wavelength shifting fiber, and
is detected via a photo-multiplier tube (PMT), as illustrated in Figure 2.8. The intensity of
the detected light is proportional to the visible energy of the particle [118].

Due to the increased particle rates in the more forward 7 direction (mainly from small angle
QCD scattering), the HEC calorimeter and the FCal need to be very radiation hard, and
they need to be sufficiently dense to contain the showers in the limited space available. For
both calorimeters, liquid Argon is used as the active material. Copper is used as the absorber
for the HEC and for the first layer of the FCal (this layer primarily measures energy from
electromagnetic interactions), and tungsten is used for the second two layers of the FCal

(these two layers primarily measure the energy from hadronic interactions).
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Figure 2.8: This diagram shows the layout of the tile barrel calorimeter, including its al-
ternating steel and scintillator structure and the light detection system. In the detector,
this section would be positioned parallel to the beam line, with particles entering from the
bottom of the section. This figure is taken from [119].

For each HEC calorimeter, flat copper plates forming two disks are utilised. For the FCal, a
more complex geometry is utilised, consisting of an absorber matrix with cylindrical electrode
tubes and rods, with a very narrow liquid Argon gap between the tube and the rod. Utilising
a narrow liquid Argon gap ensures a fast readout time and reduces the buildup of ions, which
can affect the electric field [120].

In order to obtain the energy deposited in each calorimeter cell (for both the EM and
hadronic calorimeters), calibration constants are applied to the recorded signal in each cell
[121]. The energy is then scaled to compensate for the energy deposited in the absorber
layers [122]. We say that the energy has been calibrated to the electromagnetic scale (EM
scale), as this is the correct cell energy for EM sources. However, it is an underestimate
for hadronic sources, as we have not accounted for the invisible or escaped energy that is
present in hadronic energy depositions. These factors are accounted for in the jet energy

scale calibration.
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2.2.3 Muon Spectrometer

Since muons typically do not deposit a large fraction of their energy in the calorimeter,
they are able to traverse the calorimeter and reach the muon spectrometer. The muon
spectrometer, illustrated in Figure 2.9, provides precise momentum measurements for muons

in the range |n| < 2.7. It also provides trigger capabilities in the range |n| < 2.4.

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.9: The sub-detectors of the muon spectrometer are shown, as well as the toroidal
magnet system. The Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC)
provide precision position information. The Resistive-plate Chambers (RPC) and Thin-gap
Chambers (TGC) provide coarse position information and trigger capabilities. This figure
is taken from [123].

The measurement of muon momentum relies on the curvature of the muon tracks due to
the large toroidal magnet system. This system provides a magnetic field which is typically
perpendicular to the motion of the muon, with a field strength of ~ 0.5 T in the barrel
region and ~ 1 T in the end-cap region. Precision tracking in the region |n| < 2.7 is achieved
through the use of Monitored Drift Tubes (MDT) [124], noting that ‘Monitored” does not
relate to the type of drift tube, but to the fact that the tubes are monitored for mechanical
deformations [125]. The MDTs are arranged into three layers in the barrel and four layers

in the end-cap. The innermost layer of MDTs in the end-cap region is limited to |n| < 2,
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and a finer granularity sub-detector, the Cathode Strip Chamber (CSC) [126], is employed

in the region 2 < |n| < 2.7, due to the higher rate of particles in the more forward region.

Faster sub-detectors with coarser resolution are utilised for the trigger. These sub-detectors
are the Resistive-plate Chambers (RPC) [127] for |n| < 1.05, and the Thin-gap Chambers
(TGC) [128, 129] for 1.05 < |n| < 2.4. In addition to being utilised for the trigger, these

sub-detectors also provide additional ¢ position information.

2.2.4 'Trigger System

Due to the extremely high collision rate at the LHC (40 MHz, 25 ns bunch spacing), it is not
feasible to readout and store all of the data from the ATLAS sub-detectors for each of the
collisions. Instead, the ATLAS trigger system is employed in order to decide which collisions
are potentially interesting, i.e. those containing a certain number of physics objects, e.g.
jets, or surpassing a threshold in energy. The trigger system has been updated for Run II,
and a full description of the changes is provided in [130]; only a brief summary of the Run

IT trigger system will be provided here.

The ATLAS trigger system consists of two tiers: the Level 1 trigger (L1), and the High
Level Trigger (HLT). The level 1 trigger is hardware-based, and is responsible for making fast
decisions (~ 2.5 pus). This trigger utilises coarse granularity information from the calorimeter
and muon systems to reduce the total event rate to 100 kHz. For the analyses described
in this thesis, either a single jet trigger or a single photon trigger is utilised. In the L1
trigger a sliding window algorithm [131] is applied to groups of calorimeter cells, referred
to as trigger towers, in order to identify local maxima in Ep. Regions of Interest (Rols),
corresponding to candidate jets or candidate photons/electrons, are defined around the local
maxima. For photons/electrons, the EM calorimeter is scanned, and isolation criteria can
be applied to reject candidates surrounded by high E7 towers in either the EM or hadronic
calorimeters. For jets, both the EM and hadronic calorimeter are scanned. Note that the

energies calculated in the L1 trigger are calibrated to the EM scale.

If an event is accepted by the L1 trigger, the event is then processed by the software-based
HLT. At the HLT more time is available (O 200 ms) and finer granularity information is
utilised, together with information from other detector sub-systems. For example, tracking
information is available to distinguish between photon and electron candidates. In the HLT
the physics objects are reconstructed and calibrated in a similar manner to the offline recon-
struction and calibration. The HLT reduces the total event rate to 1 kHz. If the event passes
the HLT trigger then the data for this potentially interesting event are read out and stored

for offline reconstruction, calibration, and analysis. Note that if the HLT is unable to make
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a decision about a particular event in the assigned time, then the event is recorded to the
debug stream [132]. Since the events in the debug stream could potentially be interesting,

they are reprocessed offline and throughly investigated before inclusion in the analysis.

Due to the limited bandwidth available for all of the triggers utilised in ATLAS, for some

particular triggers it is necessary to prescale them. This means that a certain fraction

1
prescale

Prescaling is needed to ensure that each trigger does not surpass their assigned bandwidth

(equal to ) of the potentially interesting events selected by this trigger are rejected.

allowance. For single jet triggers, the lower the £ threshold the higher the prescale, due to

the increasing jet production cross-section at low Er.
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Physics Object Reconstruction in ATLAS

Object reconstruction is a vital component of all analyses. It is the crucial step in which
the electronic signals read out from the detector are combined to form objects which can
be identified as particles. Once identified, the objects are then calibrated, such that their
physical attributes (for example, their energy) are corrected for known detector effects. The

calibrated objects can then be used in physics analyses.

This chapter outlines the reconstruction and calibration of the objects utilised in the analyses
in this thesis. Section 3.1 provides a description of the reconstruction of jets, and Section 3.2
focuses on the steps involved in calibrating the reconstructed jets, and the associated uncer-
tainty. Section 3.3 gives a detailed explanation of the derivation of the jet punch-through
uncertainty, which is associated with the jet energy scale calibration, and is particularly

important for high energy jets. In Section 3.4 the reconstruction of photons is detailed.

3.1 Jet Reconstruction

As previously mentioned, when a highly energetic parton is isolated, hadronisation occurs.
The process of hadronisation results in a collimated shower of colourless particles, extending
both laterally and longitudinally, as illustrated in Figure 3.1. The goal of jet reconstruction
is to cluster together the particles which were produced in the hadronisation of the initial
parton, forming an object called a jet. The kinematics of the jet should represent the
kinematics of the initial parton [133], allowing us to search for new particles which decay to
partons by using jets. Experimentally, detector quantities must be used as an input to the

jet reconstruction.

35
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\ Particle Jet Energy depositions
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Figure 3.1: This figure [134] illustrates the formation of jets. We start with the production
of a parton in proton-proton collisions, which then hadronises to form a collimated spray of
particles, a particle jet, which deposits energy in the calorimeters.

3.1.1 Topological Clusters

In the analyses described in this thesis, topological clusters (topo-clusters) with a net positive
energy are used as the input to the jet reconstruction [135]. An overview of topo-clusters
and their construction is provided here, for further details see [131, 135]. A topo-cluster is a
three dimensional collection of calorimeter cells. The calorimeter cells are grouped together
based on their spatial separation, and their signal-to-noise ratio s.q, where the signal is
given by the absolute energy in the calorimeter cell, calibrated to the EM scale, and the
noise is the quadrature sum of the average contributions from electronic noise and from
pile-up. The aim of topological clustering is to capture the most significant regions, while

reducing calorimeter noise and energy deposits from pile-up.

The construction of topo-clusters is illustrated in Figure 3.2, and proceeds as follows: the

first step is to categorise calorimeter cells based on their value of s.:

e Primary seed cells: s, > 4
e Neighbour seed cells: 5. > 2

e Border cell: s, > 0

The primary seed cells are selected from the list of all calorimeter cells and are placed in order
of decreasing s... For each primary seed cell, starting with the cell with the highest scq,
each of the neighbouring cells, both within the same sampling layer and in adjacent layers,
are considered. The neighbouring cells are added to the topo-cluster if they are categorised
as neighbour seed cells or border cells. Additionally, if a neighbour seed cell borders more
than one topo-cluster, then the topo-clusters are merged. Once this procedure has been

carried out for all of the primary seed cells, the process is repeated for the neighbour seed



Chapter 3. Physics Object Reconstruction in ATLAS 37

cells, until no seed cells remain. If the resulting topo-cluster displays more than one local
signal maximum with a cell energy greater than 500 MeV, indicative of the topo-cluster
containing the energy from more than one particle shower, then the topo-cluster is split.
The use of topo-clusters as inputs to jet reconstruction has two primary benefits. Firstly,
it reduces the number of inputs; if individual calorimeter cells were utilised, for example,
then the jet reconstruction would proceed extremely slowly. Secondly, topo-clusters suppress

extra energy added to the jet from noise and pile-up contributions.

Figure 3.2: This figure illustrates the construction of a topo-cluster from calorimeter cells.
Primary seed cells (shown in red) have a signal-to-noise ratio > 4. Neighbour seed cells
(shown in yellow) with a signal-to-noise ratio of > 2 are added to the topo-cluster. Finally,
border cells (shown in green) are added to the topo-cluster. Figure adapted from [136].

For each topo-cluster, the energy FE.uster is calculated by summing the energy of its con-
stituent cells, taking into account cases where the energy from cells was split between two
topo-clusters in the cluster splitting step. The direction (7ciuster, Peluster) is calculated as the
energy-weighted barycentre of the cell directions (7cen, cen), using the absolute value of the
cell energies. The directions are calculated relative to the centre of the ATLAS detector
(z,y,2) = (0,0,0), where y refers to the coordinate not to rapidity. In the jet clustering
algorithm, the topo-clusters are treated as massless and their transverse momentum pr is

calculated U-Sing Eclustera Tcluster and gbcluster‘

3.1.2 Jet Clustering Algorithm

The most common jet clustering algorithm utilised in ATLAS is the anti-k; jet clustering
algorithm [137]. This algorithm is a sequential recombination algorithm, in which the inputs
to the jet algorithm are clustered together based on a distance parameter d; ; between objects

i and j. The term “object” refers to both inputs and to clustered groups of inputs. The
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distance parameter is given by the following equation:

A2,
R?’

i = min (pg, % py,?) (3.1)
where A; ; is the separation between objects ¢ and j in the plane of rapidity y and azimuthal
angle ¢, given by A,?’j = (yi — y;)* + (¢ — ¢;)?, and R is the radius parameter, which is

selected by the analyser. The clustering proceeds as follows:

1. The distance parameter d;; and the object-beam distance d; p are calculated for all

input objects, where d; p = pT:Q.

2. If the smallest distance is d; j, then objects 7 and j are clustered together, forming a
new object. If d; p is the smallest distance, then object ¢ is defined as a jet and is

removed from the list of objects.

3. This process continues, with a re-calculation of the distances when new objects are

formed, until all objects have been clustered into jets.

By inspecting Equation (3.1) several features of the resulting jets can be identified. Firstly,
we observe that d; ; is smaller for higher pr objects, meaning that high pr objects are clus-
tered before lower pr objects, resulting in jets centered around high pr objects. Additionally,
by taking the minimum pT_2 of the two objects, and therefore only taking into account the
pr of the highest pr object in the pair ¢, j, emphasis is then placed on the geometrical
requirement. In combination with the use of d; g, this means that two high pr objects, 1 and
2, will only be clustered together if they are within a distance of Ay, < R. If objects 1 and
2 are within R < A;; < 2R, then the higher pr jet, jet 1 for example, will cluster together
the lower pr objects around it, forming a circular jet with radius R; jet 2, will then cluster
together the lower pr objects around it, forming a crescent shape. If objects 1 and 2 both
have no higher pr jets within A; ; < 2R then they will each form circular jets of radius R.

These features are illustrated in Figure 3.3.

An important characteristic of the anti-k; algorithm is that it can be applied to detector level
quantities, hadrons, or partons in exactly the same way, aiding the comparison between
experimental results and theoretical calculations [138]. In addition, the jets constructed
by the algorithm are both infrared safe and collinear safe. The terms infrared safe and
collinear safe mean that the set of jets obtained by the algorithm should not be affected by
the presence of soft (low pr) gluon emissions or small angle gluon emissions, respectively
[139]. If these conditions were not met then experimental results could not be compared

with theoretical calculations due to the presence of divergences in the calculations [138].
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Figure 3.3: This figure [137] shows the result of applying the anti-k; algorithm to an event
containing partons and ~ 10* very low pr particles.

[ustration of a non-infrared safe scenario is provided in Figure 3.4, and a non-collinear safe

scenario is illustrated in Figure 3.5.

AN

Figure 3.4: This figure, taken from [133], illustrates a non-infrared safe scenario, in which
the emission of a soft gluon has changed the outcome of the jet algorithm.

A

/

Figure 3.5: This figure, taken from [133], illustrates a non-collinear safe scenario, in which
the emission of a gluon close to one of the partons has changed the outcome of the jet
algorithm.




Chapter 3. Physics Object Reconstruction in ATLAS 40

The radius parameter R utilised in the analyses in this thesis is ® = 0.4. This radius
parameter is standard in ATLAS, and centrally derived calibrations and uncertainties are

provided for jets with this radius parameter.

3.1.3 Reconstructed Jets

After the application of the jet algorithm, we have a set of jet objects. The next step is
to choose a recombination scheme, i.e. a method for calculating their energy and momenta
[133]. The four-vector recombination scheme is utilised, in which the four-vector for each jet
is calculated by summing together the four-vectors of each of its constituent topo-clusters
[140]. This scheme gives rise to a non-zero jet mass, despite the input topo-clusters being

treated as massless.

The final step is to associate tracks from charged particles within the jet to the reconstructed
jet. The ghost association technique [141] is used, in which the tracks are assigned infinites-
simal pr and are added to the list of jet inputs. The jet algorithm is then applied, and any

tracks which are clustered into a jet are ‘associated’ to it.

Note that in reconstructed level Monte Carlo simulations topo-clusters are used as the inputs
to the jet clustering algorithm. However, for truth level Monte Carlo, stable simulated
particles with a lifetime, 7, satisfying ¢7 > 10 mm are used as the inputs to the jet clustering
algorithm, with the exception of neutrinos, muons and particles produced due to pile-up,
which are not included [11]. Therefore, truth level MC jets are at the particle level, as
illustrated in Figure 3.1. The next step is to calibrate the four-momentum of the jets, such

that they can be used in analyses.

3.2 Jet Energy Scale Calibration and Uncertainty

The calibration applied to the jets is referred to as the Jet Energy Scale (JES) calibration;
however, most stages correct the full four-momentum of the jet, not just the jet energy.
The goal of the calibration is to correct the jet four-momentum at the EM scale to the jet
four-momentum at the particle level [142], as illustrated in Figure 3.1. In order to do this,
several detector effects must be corrected for, including: the lower response to hadronic
showers (non-compensation) of the ATLAS calorimeter, energy deposited in dead material
or before reaching the calorimeters, longitudinal shower leakage outside of the calorimeter
(jet punch-through), energy losses due to noise thresholds or energy deposition outside of
the jet, and additional energy due to pile-up [143]. Full details of the JES calibration and its
corresponding uncertainty can be found in [11], and a summary of the relevant details will

be provided here. The JES calibration involves multiple stages, as illustrated in Figure 3.6.
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Figure 3.6: This figure [11] summarises the jet calibration chain used in ATLAS. For each
stage, the name and a brief description of the calibration is given.

For specific details about the JES calibration and uncertainty utilised in the high mass
dijet analysis see [144]. The high mass dijet analysis was one of the first analyses to be
performed using the /s = 13 TeV 2015 data. Hence, sufficient /s = 13 TeV data was not
available in time to perform the residual in situ calibration. This calibration was instead
derived using a combination of the Run I correction derived using /s = 8 TeV data, and
Monte Carlo comparisons to quantify the impact of changes affecting simulation between
Run I and Run II. The dijet 4+ ISR analyses were performed later on, and hence, utilise the
Vs = 13 TeV data to derive the JES calibration and uncertainty.

3.2.1 Origin Correction

As previously mentioned, the direction of the topo-clusters, and subsequently the direction
of the resulting jet is derived with respect to the centre of the ATLAS detector (z,y,z) =
(0,0,0), where y refers to the coordinate not to rapidity. The first step in the calibration is
to adjust the jet four-momentum to point towards the primary vertex of the interaction (the
vertex with the highest > p% of the associated tracks), improving the 1 resolution of the jet.
This step does not alter the jet energy.

3.2.2 Pile-up Corrections

The next stage is to remove pile-up contributions using two separate corrections, which are
described fully in [96]. The first correction, referred to as the jet area-based pile-up correction,

uses an estimate of the pr density of the pile-up contribution for each event, calculated in the
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|n| < 2 region. This pr density is then multiplied by the jet area', proving a jet-level estimate
of the pile-up contribution to the jet pr, which is then subtracted from the measured jet pr.
Note that the pile-up pr density estimate and the jet area calculation are both calculated
in data when deriving the correction for data, and are both calculated in MC when deriving

the correction for MC.

A second correction is then applied, which subtracts off any residual dependence of pr
on the number of primary vertices Npy and the mean number of simultaneous inelastic
proton-proton interactions being recorded in a single bunch crossing p. The dependence is
calculated in Monte Carlo as the difference in py between reconstructed level jets and their
geometrically matched (AR < 0.3) truth level jet, as truth level jets are not sensitive to
pile-up. The ratio of the corrected pr to the original p; provides a scaling factor to correct

the full four-momentum.

3.2.3 Absolute MC-based Calibration

The next step in the sequence is to apply the absolute MC-based calibration. This step
restores the jet four-momentum to the particle level (i.e. the level of the truth jets in Monte
Carlo). In order to do this, geometrically matched reconstructed level and truth level jets

are used to calculate the average energy response ( 5"

truth} as a function of Fiee, in bins of
Ndetector- L he detector 1, Ngetector, iN Which the jet direction is derived with respect to the
centre of the ATLAS detector is utilised for the binning as this corresponds directly to the
positions of the ATLAS sub-detectors. The correction is then given by the inverse of the

obtained response function.

The average jet energy response as a function of ngetector before the application of the cor-
rection is shown in Figure 3.7. The figure shows that the response is less than one, with
a poorer response for jets with lower energy and for jets spanning the transition regions in
the detector, i.e. between the barrel and end-cap system at ~ Ngetector = 1 -4, and between
the end-cap and forward system at ~ Ngetector = 3.1. After the application of this correction,
differences in jet 1eco and jet 1o are corrected for in a dedicated jet n calibration, altering

the jet n and jet pr, but not the jet energy.

!The jet area is calculated using ghost association, where a large number of ‘ghost’ particles with in-
finitessimal transverse momentum are added uniformly to the event in the y — ¢ plane. The number of these
particles clustered to a jet gives a measure of the jet area [145].
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Figure 3.7: The energy response is shown as a function of ngetector, before the application of
the jet energy scale calibration. This illustrates that there are differences in the response
of the detector to jets in different regions, and to jets with different energies. This figure is
from [11].

3.2.4 Global Sequential Calibration

After restoring the jets to the particle level, the global sequential calibration is applied. This
correction reduces the dependence of the response on selected variables, while maintaining
the same average jet energy. This helps to equalise the response to jets with different
properties, for example, between quark and gluon initiated jets. In addition, this correction
reduces the Jet Energy Resolution (JER), i.e. the spread of the measured jet energies with

respect to their true value. The following variables are utilised in the correction:

e Calorimeter variables: the fraction of the jet energy recorded in the first layer of
the hadronic tile calorimeter (for |Ngetector] < 1.7) and in the final layer of the EM
calorimeter (for |ngetector| < 3.5). The calorimeter layer information characterises the
energy profile of the jet, and jets which deposit large fractions of their energy in the
tile calorimeter can be mis-measured due to the non-compensation of the ATLAS

calorimeter.

e Tracking variables: the number of tracks and the jet width, i.e. the average trans-
verse distance between the jet axis and tracks, weighted by the track pr . Both of these
variables utilise tracks with pr > 1 GeV which are associated to the jet, and are in

[Ndetector| < 2.5. The tracking variables are used to distinguish between gluon-initiated
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jets and light quark-initiated jets. Gluon-initiated jets tend to result in wider jets con-
taining more low pr particles, to which the calorimeter typically has a lower response.
Additionally, the jet width gives a measure of the number of particles in the jet which

were measured in transition regions in the calorimeter.

e Muon spectrometer variable: muon segments are partial tracks in the muon spec-
trometer. They are ghost associated to jets in the same way as tracks are associated
to jets. The number of muon segments associated to the jet Ngegments is an indica-
tor of how well contained the jet is within the calorimeter. Highly energetic jets can
longitudinally ‘leak’ outside of the calorimeter and interact in the muon spectrometer,
meaning that the full hadronic shower is not captured by the calorimeter. If the jet is
not fully contained then the jet energy is under-estimated, causing increased low jet
energy response tails, which impacts the jet energy resolution. The longitudinal shower
leakage (jet punch-through) is correlated with the number of muon segments associated
to the jet, with a larger Ngegments indicating more longitudinal shower leakage (higher

jet punch-through).

The correction is applied in a similar manner to the absolute MC-based calibration; how-

PTreco >

ever, the average transverse momentum response <p is utilised, and is parametrised

as a function of both pr,... and the variable being ch);];}écted for, in bins of Ngetector- The
exception being the jet punch-through correction, in which the energy response is utilised,
and is parametrised as a function of Eiec, and 10g(Nsegments). For full details about the jet
punch-through correction see [2]. The inverse of the obtained response function provides the
correction, and an additional constant ensures that the average jet energy is maintained.
The correction is applied sequentially, with the dependence on one variable being corrected

for, before the correction for the next variable is derived and applied.

Jet Punch-through

Before showing the impact of the jet punch-through correction (the final stage of the global
sequential calibration) a review of jet punch-through in Run II will be given; for a review
of the jet punch-through properties studied in Run I see [146]. As previously described,
the variable used to indicate that a shower is not fully contained inside the calorimeter is
the number of muon segments associated to the jet Ngegments: Therefore, it is important
to study the modelling of Ngegments in Monte Carlo. Note that the data and Monte Carlo
samples utilised for all the punch-through studies shown in this chapter (with the exception
of the jet punch-through correction) are the same as those used in the high mass dijet anal-

ysis described in Section 4.1.2. The analysis selection utilised for the data-MC comparison
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studies in this section is the same as the one applied in the derivation of the punch-through
uncertainty, given in Table 3.1, with the exception of the |[A¢| and third jet pr requirements,

which are not applied.

Figure 3.8 shows the Ngegments distribution in data and MC for the two highest pr jets. Note
that in this thesis, the highest pr jet is referred to as the leading jet, the second highest pr jet
is referred to as the sub-leading jet, and the two highest pr jets are collectively referred to as
the leading jets. The Ngegments distribution is shown to be well modelled by the Monte Carlo
for lower Ngegments Values. However, for higher Ngegments Values, an excess of events in data
are observed, with respect to Monte Carlo. The cause of the mis-modelling of Ngegments 1S
unknown; one suggestion from the ATLAS Simulation group is that the excess in data could
be from cavern background (low energy particles, mainly photons and neutrons, filling the
cavern during collision time) or other non-collision backgrounds producing hits in the muon
spectrometer, which can form additional muon segments [147]. Cavern background is not
included in standard Monte Carlo simulations. In Run I, improvements were observed in the
modelling of Ngegments When using Monte Carlo samples with backgrounds measured in data
overlaid [2]. However, such samples were not yet available for Run II Monte Carlo. Further

studies would be necessary to confirm the source of the mis-modelling.
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Figure 3.8: A comparison between the Ngegments distribution for the leading two jets in data
(shown in black), and Monte Carlo (shown in red). Note that the Monte Carlo histogram
has been scaled to the integral of the data histogram. The Ngegments distribution is shown to
be well modelled at low values of Ngegments: However, for higher Ngegments values an excess
of events is observed in data, with respect to Monte Carlo.
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The amount of jet punch-through (indicated by Ngegments) i expected to increase with jet
energy, and in regions of the detector with less material, i.e. corresponding to a low number
of nuclear interaction lengths A\;. The length of material (measured in A7) needed to contain
95% of the longitudial component of the hadronic shower Lgsy is related to the jet energy
E by the equation

Losy[Ar] = 0.6In(E)[GeV] + 4E%'® — 0.2, (3.2)

taken from [148]. In Run I, Ngegments Was observed to increase with jet energy, and to be
enhanced in regions of the detector with less material [2]. These trends have also been
studied using the Run II data and Monte Carlo, and are shown in Figure 3.9 and Figure
3.10(a). In Figure 3.9, Ngegments is shown as a function of jet energy for a restricted 7getector
range to reduce the material dependence. Ngegments 1 shown to increase with jet energy and
to be well modelled by the Monte Carlo.
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Figure 3.9: The mean Ngegments 15 shown as a function of jet energy. Data is shown by the
black points, and Monte Carlo is shown by the red points. Ngegments 1S seen to increase as
jet energy increases.

In Figure 3.10(a), Nsegments is shown as a function of ngetector in @ restricted jet energy range to
reduce the jet energy dependence. For reference, the amount of material (measured in units
of A7) versus 7getector for the ATLAS detector is provided in Figure 3.10(b). It is observed
that for Ngetector regions corresponding to a low amount of material we observe enhanced jet
punch-through, i.e. high Ngegments, as expected. It is also observed that in central region,
i.e. |Ngetector] < 1.6, the Monte Carlo models the data well. However, in the more forward
regions of the detector the modelling is poorer. The variation in the data-MC agreement
With Ngetector justifies why the jet punch-through calibration and uncertainty are derived in

bins of 7getector, Separating out each region and deriving a separate calibration factor and
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uncertainty. Note that by studying the 1 dependence of Ngegments in Run II Monte Carlo
a bug causing jets with |n| > 0.5 to have no associated muon segments was identified and

resolved prior to data taking, highlighting the importance of performing such studies.
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Figure 3.10: In Figure (a) the mean Ngegments is shown as a function of 7getector- Data is shown
by the black points, and Monte Carlo is shown by the red points. Figure (b) taken from
[92], shows the amount of material (measured in units of interaction length) as a function of
Ndetector, With the total amount of material in front of the muon spectrometer shown in blue.
By comparing Figure (a) and Figure (b), we see that the amount of material is anti-correlated
with the observed Ngsegments-

Due to the relationship between Ngegments and jet energy, one would expect to observe
an increase in the maximum Ngegments Observed in Run II, with respect to the maximum
Ngegments Observed in Run I, since higher jet energies can be accessed due to the increase
in the centre-of-mass energy. A comparison of the Ngegments distribution in Run I, and the
Ngegments distribution in Run II was made, and the results are shown in Figure 3.11(a).
Note that the leading jet pr threshold in the event selection was increased to 460 GeV for
the comparison, as this is the position from which the Run I lowest un-prescaled single jet
trigger is 99.5% efficient. This figure shows that in fact the maximum Ngegments Observed
was higher in Run I than in Run II. By comparing the jet energy distribution in Run I and
in Run II, shown in Figure 3.11(b), we verify that higher jet energies are indeed reached
with the Run II data. This indicates that another factor must be responsible for the lower
Ngegments Teached in Run II. The decrease is attributed to the changes made to the muon
segment reconstruction, and their association to jets between Run I and Run II. In the re-
construction of the muon segments, there has been a tightening of the timing thresholds
in the muon spectrometer drift tubes, in order to reduce CPU consumption [144]. In the
association of muon segments to jets, the ghost association technique is now in use. In Run

I, the technique to associate muon segments to jets involved building muon segment con-
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tainers during reconstruction, which included muon segments geometrically AR matched to
anti-k; R = 0.6 jets (AR < 0.4). At the analysis level, the closest segment container to a jet
(within AR < 0.3) was associated to it. Both of these changes have led to the reduction in

Ngegments observed in Run II.

An additional change between Run I and Run II is the introduction of a hit occupancy
threshold in the muon segment reconstruction. The introduction of this threshold means
that there could be a reduction in Ngegments When the threshold is exceeded. This is a
problem as jets could falsely be assigned a lower number of Ngegments, due to the timing-out
of the reconstruction. This effect will need to be studied in the future in order to assess
the impact it has. However, at present this is not possible as there is no means to identify

‘timed-out’ events in data.
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Figure 3.11: A comparison between Run I data (20.3 fb~! of /s = 8 TeV data, shown in
red) and Run II data (3.6 tb~! of \/s = 13 TeV data, shown in black) for (a) the distribution
of Ngegments for the leading two jets, and (b) the distribution of jet energies for the leading
two jets. The comparison between the jet energy distributions shows that higher energies
are reached with the Run II data; however, the comparison of the Ngegments distributions
shows that the maximum Ngegments Observed in Run IT is much lower than the maximum
Ngegments observed in Run I. Note that the Run I histograms have been scaled to the integral
of the Run II histograms.

Due to the many changes between Run I and Run II, the jet punch-through correction was
re-derived in Run II. Figure 3.12 shows the pr response as a function of Ngegments, in bins of
Ndetector a0d D7, ., , before and after the application of the jet punch-through correction, as
well as the unit normalised Ngsegments distribution below. The correction is shown to reduce
the dependence of the pr response on Ngegments- From these figures, it is seen that before
the correction the response for the lower pz, ., bins is lower than for the higher ps; ., bins.

This is counter-intuitive, since increased jet punch-through is expected for higher pr jets.
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The reason for this observation is that at lower jet pr, even though the absolute energy loss

from jet punch-through is lower, the relative loss is higher, due to the lower py of the jet.
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Figure 3.12: The pr response as a function of Ngegments i shown for three different pr,, .,
bins (shown in black, red and blue), before the application of the punch-through correction
(left), and after the application of the punch-through correction (right), for |getector] < 1.3
(top) and 1.3 < |Ngetector] < 1.9 (bottom). These figures are adapted from [149].

Note that, above |Ngetector] = 1.9 there were insufficient events to derive the punch-through

correction. Hence, the correction is not applied in this region, and bins corresponding
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t0 |Ndetector] = 1.9 and above are not shown. Additionally, note that the response and
Nsegments distribution is only shown for the region above Ngegments = 20. The punch-through
correction is only applied to jets with at least 20 associated Ngegments- This threshold was
chosen in order to avoid the over-correction of jets containing B-hadrons (b-jets), since the
decay of a B-hadron leads to the production of at least one muon in the final state in ~
20% of cases [150]. This muon creates a track in the muon spectrometer, and hence, creates
several muon segments (typically 3 for a single muon), which could be misinterpreted as an

indicator for jet punch-through.

The threshold in Ngegments above which the correction is applied was re-derived in Run II.
This threshold is important as the lower the threshold is set, the more jets are corrected,
increasing the impact of the jet punch-through correction. In order to decide where the
threshold should be placed, the b-jet fraction as a function of Nsegments, shown in Figure 3.13,
was utilised. A jet is identified as a b-jet using the MV2¢20 multivariate discriminant [151].
This algorithm utilises information such as vertex information and tracking information, to
identify b-jets, exploiting features of B-hadron decays such as the presence of secondary
vertices and tracks with large impact parameters with respect to the primary vertex. The
77% efficiency working point is used. Dijet events in which one of the jets (the probe) has
Ngegments > 1, and the other jet (the reference) has Ngegments = 0 are utilised. The b-jet
fraction plot is then produced by taking the ratio between the Ngegments distribution for all

probe jets which are b-jets and the Ngegments distribution for all probe jets.

In Figure 3.13 the fraction of b-jets is observed to rise and to fall off, plateauing after
~ 20 Ngegments- An increased b-jet fraction is observed for Ngegments = 3, which is the
typical number of segments corresponding to a single muon track in the absence of additional
muon segments from jet punch-through. The plateauing of the b-jet fraction above 20
Nsegments indicates that in this region the muon segments from jet punch-through dominate
over any additional segments from the semi-leptonic decay of B-hadrons. For this reason, it
was decided to utilise a threshold of 20 muon segments, such that only jets with at least 20

Ngegments receive the jet punch-through correction.

In the future, a separate punch-through correction could be derived for b-jets and non-b-
jets, removing the need for a Ngegments threshold and ensuring each type of jet is corrected

appropriately for the effects of jet punch-through.
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Figure 3.13: The ratio of b-jets to all jets is shown as a function of N g’;;’*;;jems, for dijet events

in which one jet has > 1 associated muon segment (the probe jet) and the other jet has 0
associated muon segments (the reference jet). There is shown to be a higher fraction of b-jets
below ~ 20 muon segments, with a peak at 3 muon segments, indicating that in this region
the increase is due to muon segments from the semi-leptonic decay of B-hadrons. Above ~
20 muon segments the ratio plateaus, indicating that in this region the muon segments from
jet punch-through dominate. Hence, the jet punch-through correction is applied to jets with
NSegments > 20.

3.2.5 Residual in situ Calibration

The final stage in the calibration chain is the residual in situ calibration. Due to the dif-
ficulty in modelling the formation of jets, their interaction with the ATLAS detector, and
in modelling the detector itself, residual differences in response between MC and data can

be present. In data and MC the balance in transverse momentum between jets and other

probe
well calibrated objects is used to calculate the average in situ pr response R = <1%>’
T

where pr, is the transverse momentum of the well calibrated object, and ph°®* is the

eference

transverse momentum of the jet. The ratio of the response obtained in data to the response

probe

. . Rbata : . . . probe
obtained in MC 22 is derived as a function of pp™, and as a function of fgeee, for the

n-intercalibration. The inverse of this response function provides a correction for the data.

In the residual in situ calibration, several different reference objects are utilised in order to

target different detector regions and to span different regions in jet pr. The correction is
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derived sequentially, with each correction being applied before the next reference object is

utilised. A summary of the reference objects is given below, in the order of application.

n-intercalibration: Dijet events are utilised, in which well calibrated central jets (|9getector| <
0.8), are balanced against forward jets (0.8 < |getector| < 4.5). This correction aims to ensure

a uniform response to jets in different regions of the detector.

Z/~-jet balance: In the central region |fgetector] < 0.8, photons and Z Bosons (decaying

to ete™ or utu™) are used as the reference object to calibrate jets with pr up to 950 GeV.

Multi-jet balance: Several low-pr jets (with the full calibration up to the Z/+-jet balance
stage applied) are used as the reference for calibrating jets with pr up to 2 TeV. The

[Ndetector| < 1.2 region is used to derive the calibration.

Note that even though central regions of the detector were used to derive the Z/v-jet balance
and the multi-jet balance corrections, the corrections are also applied in the forward region,

since the n-intercalibration equalised the response in both regions.

Since the Z-jet balance, 7-jet balance and multi-jet balance techniques overlap in jet pr, a
combined correction is derived, for full details see [142]. A narrow py binning is defined,
and in each bin a weighted average of the ratio ]}%DTM; from each method is calculated. The
pr-dependent weights take into account the relative uncertainty on each result, the original
pr binning used to derive the result, and correlations between pr bins (systematic uncer-
tainties are treated as fully correlated across pr and 7). The combined result is then lightly
smoothed to limit the impact of statistical fluctuations; the inverse of this result is the cor-
rection applied to data. Systematic uncertainties are propagated through the procedure and

are inflated in regions in which there is tension between the results of the different methods.

The combined result (%) is shown in Figure 3.14(a) for the calibration utilised in the high
mass dijet analysis, i.e. the 2012 in situ calibration derived using /s = 8 TeV data, and
in Figure 3.14(b) for the calibration utilised in the dijet 4+ ISR analyses, derived using 2015
Vs = 13 TeV data. Note that the 2012 in situ ratio shown in Figure 3.14(a) was used in
combination with additional factors derived using MC, which are not shown in this figure.
Figure 3.14 shows that good agreement is observed between each of in situ analyses in both
cases. Only one small region of tension was identified for each; for the 2012 in situ calibration
the region is at ~ 200 GeV, and for the 2015 in situ calibration the region is at ~ 50 GeV.
The difference in the final result of the combination between the 2012 in situ calibration and
the 2015 in situ calibration is expected, based on the simulation changes between Run I and
Run II, see [152] for further details.



Chapter 3. Physics Object Reconstruction in ATLAS 53

1A T T o 1.l — T T
Q . ATLAS Preliminary 7 = C . ATLAS Preliminary J
= -| — - - =i
5 ?'mh k, R=0.4, EM+JES \5 = 8 TeV, n<0.8 ] 2 E anti-k, R=0.4, EM+JES /s =13 TeV, 3.2 fo'™]
.05 Data 2p12 IL dt=20fb" 13 1.05— Data 2015 Ini<0.8 —
& 4
& 1

Data

1 o C ]
. g 0.95— —
0.95 A y+jet -1 & r A ytjet ]
o Z+jet 1 & 09 o Z+jet -
& Multijet ] r » Multijet ]
0.9 B — Total uncertainty ] 0.85[~ — Total uncertainty ]
§ [l Statistical component 7 C [l Statistical component ]
0.85— L TR | L L M| L 0.8 L L M| L L “““13 ‘3
20 30 10 2x10° 10°  2x10° 20 30 10 2x10? 10°  2x10
pe [GeV] P [GeV]

(a) (b)

Figure 3.14: The ratio of the pr response in data and MC is shown for three of the relative
in situ calibrations (v-jet balance in purple, Z-jet balance in red and multi-jet balance in
grey). The final combined result is shown by the black line, and the total uncertainty and
statistical component are shown by the green and blue bands, respectively. Figure (a) shows
the 2012 in situ calibration [143], utilised in the high mass dijet analysis. Figure (b) shows
the 2015 in situ calibration [152], utilised in the dijet + ISR analyses.

3.2.6 Jet Energy Scale Uncertainty

Detailed descriptions of the jet energy scale uncertainties are provided in [11] and recommen-
dations from the JetEtmiss performance group are provided in [144, 153] for the high mass
dijet analysis, and in [154] for the dijet + ISR analyses. A brief summary of the uncertainties

is provided here.

The jet energy scale uncertainty consists of more than 70 nuisance parameters. The majority
of these uncertainties are associated with the residual in situ correction; taking into account
MC modelling uncertainties, the statistical uncertainty on the samples used to derive the
correction, and the uncertainties from the reference objects balanced against the jet. Addi-
tional uncertainties are from the flavour composition (fraction of gluons and light quarks in
the sample), the response to these objects, pile-up uncertainties, and the jet punch-through

uncertainty. Full details about the jet punch-through uncertainty will be given in Section 3.3.

Figure 3.15 shows the jet energy scale uncertainty as a function of jet pp, for (a) the cali-
bration utilised in the high mass dijet analysis, and (b) the calibration utilised in the dijet
+ ISR analyses. Note that Absolute in situ JES refers to the Z/v-jet balance and multi-jet
balance calibrations, and Relative in situ JES refers to the n-intercalibration. Since the in
situ calibration applied in the high mass dijet search utilised the Run I correction in combi-
nation with factors derived in MC there is an additional uncertainty, referred to as the 2012
to 2015 extrapolation uncertainty, applied. This uncertainty accounts for the impact of Run

I to Run IT changes on data and MC.
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The total uncertainty ranges from ~ 6% for 20 GeV jets, down to ~ 1% for 200 GeV jets, and
up to ~ 3% for 2.5 TeV jets, with a slightly smaller uncertainty for the calibration utilised in
the dijet 4+ ISR analyses, particularly in the very high and low mass regions. A sharp rise in
the uncertainty is observed at ~ 1.7 TeV in Figure 3.15(a) and at ~ 2 TeV in Figure 3.15(b).
This rise indicates the end point of the multi-jet balance calibration. Above this point, the
uncertainty is calculated by propagating single-particle response uncertainties to jets, where
the single particle response uncertainties are obtained from Monte Carlo simulations, test-
beam studies and data collected by ATLAS [142].

> 0.1— T T T > 0.1 T T — T
k= C (s =13 TeV, 25 ns ATLAS Pre||m|nary: < r Data 2015, Vs = 13 TeV ATLAS Prellmlnary:
g [ anti-k, EM+JES +insitu, R =0.4 B Iy [ anti-k, R =0.4, EM+JES + in situ correction B

Q =0.0 Q =0.0
2 0.08 L n Total uncertainty ] 2 O-OBTn [ Total uncertainty ]
S L [ Total uncertainty, 2012 i = [ = Absolute in situ JES |
ﬂ L = Absolute in situ JES (2012) i ﬂ L =+« Relative in situ JES -
D 0.06 Relative in situ JES (scaled 2012) — = 0.06— ==== Flav. composition, unknown composition —
© w Flav. composition - I e N e Flav. response, unknown composition 4
8 =+ Flav. response B S Pileup, average 2015 conditions B
B Pileup, predicted 2015 conditions 1 8 =+ Punch-through, average 2015 conditions B
© 0.04 Punch-through, predicted 2015 conditions — S 0.04p= 5 —
[ == 2012 to 2015 extrapolation uncertainty 7 w " 7
0.02 4 o002 f
....... — -
- LT - prmiim i, § rag,, PR
fo] e fokobdd R LTI B e e fo] e I T TR W e gy P = m A PAT A LA
20 3040 107 2x10° 10°  2x10° 20 3040 102 2x10° 10°  2x10°
Pk [Gev] Pr [GeV]
(a) (b)

Figure 3.15: The jet energy scale uncertainty is shown as a function of jet pr, for central
jets with n = 0, for (a) the calibration utilised in the high mass dijet analysis, and (b) the
calibration utilised in the dijet + ISR analyses. Figure (a) is from [144], and Figure (b) is
from [152].

The propagation of more than 70 nuisance parameters in an analysis would be extremely
time consuming, and in many cases the loss of correlation information caused by combining
nuisance parameters has a negligible effect on the results of the analysis. For this reason, the
JetEtmiss performance group combines the nuisance parameters to produce four strongly-
reduced sets, with each set containing only four nuisance parameters. One of the nuisance
parameters is the n-intercalibration non-closure uncertainty, and the other three are combi-
nations of the remaining nuisance parameters. Note that the n-intercalibration non-closure
uncertainty was not part of the recommendation for the calibration utilised in the high mass

dijet analysis. Hence, each set consisted of only three nuisance parameters and not four.

Each of the sets preserve correlation information in a different area of jet pr and n phase
space. In order to utilise one of the strongly reduced sets instead of the full set of nuisance
parameters, analyses must demonstrate that they are insensitive to the loss of correlation
information caused by using a strongly-reduced set. Note that the overall size of the JES
uncertainty is maintained in the strongly-reduced sets; only the correlation information is

different. For details about the construction of the strongly-reduced sets see [155].
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3.2.7 Jet Energy Resolution and Uncertainty

As previously mentioned, the jet energy resolution quantifies the spread of the measured
jet energies with respect to their true value, indicating how precisely the jet energy can be
measured. The determination of the JER is a multi-stage process, which is described in full
in [143]. Many of the stages involve using the pr balance of objects (in dijet events and Z/v-
jet events) to obtain pp response distributions, in a similar manner to the residual in situ
calibration described above. Hence, in practice, rather than calculating %, we calculate
% (still referred to as the JER). The JER is then determined by applying a Gaussian
fit to the obtained pr response distributions, and taking the ratio between the root mean
square of the fit o(pr) and the mean value (pr). The obtained JER as a function of jet pr is

shown in Figure 3.16(a).
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Figure 3.16: This figure shows (a) the jet energy resolution as a function of jet pr, and (b)
the associated uncertainty as a function of jet pr. The jet energy resolution is shown for
central jets with |n| < 0.8, and the associated uncertainty is shown for central jets with n =
0. Figure (a) is from [143], and Figure (b) is from [144].

The uncertainty on the jet energy resolution as a function of jet pr is shown in Figure 3.16(Db).
This uncertainty was derived at the time of the high mass dijet analysis using a combination
of the Run I uncertainty, and an uncertainty derived by investigating the impact of Run I to
Run IT changes using Monte Carlo, referred to as the 2012 to 2015 extrapolation uncertainty.
The same JER uncertainty was utlised in the dijet + ISR analyses as the JER uncertainty
derived using Run II data was not yet available. The uncertainty is largest at low pr due
to the uncertainties on noise contributions and the extrapolation uncertainty. Since the
extrapolation uncertainty is dominant, the JER nuisance parameters were combined to form

a single nuisance parameter [144].
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3.3 Jet Punch-through Uncertainty

In Section 3.2.6, the uncertainties associated with the jet energy scale correction were shown.
An important uncertainty for high ps jets is the uncertainty associated with the jet punch-
through correction. Since the jet punch-through correction is derived using Monte Carlo,
an uncertainty is needed to cover the differences between data and Monte Carlo. In this
section, the derivation of the jet punch-through uncertainty is described. This uncertainty
was derived for anti-k; jets with R = 0.4 using the full 2015 /s = 13 TeV data set (3.6 tb™1),
and formed part of the 2016 jet energy scale uncertainties, utilised by all ATLAS analyses
which include jets. This includes the dijet + ISR analyses described in this thesis.

Since the purpose of the uncertainty is to cover differences between data and Monte Carlo,
when deriving the uncertainty we must use in situ quantities, i.e. only information which is
available in data, rather than truth level quantities, for example. A tag-and-probe method
using dijet events was chosen, exploiting the pr balance between the two jets. Note that such
balance techniques are utilised in other stages of the JES calibration and its corresponding
uncertainties. Events with a dijet topology were selected using the criteria given in Table
3.1. This selection is similar to the high mass dijet analysis selection, which is given in
Table 4.2; see this chapter for further details about each requirement. Some additional
selections are applied here in order to ensure that we are selecting well balanced dijet events.
The requirement on |A¢| is to ensure that the jets are back-to-back, rejecting multi-jet like
events. The requirement on the third jet pr also helps to reject multi-jet events in which
the third jet pr is relatively high. The leading jets are required to be within |ngetector| <
2.7 as this is the acceptance region of the muon spectrometer. In the derivation of the
uncertainty the jets are calibrated up to the global sequential calibration level, including the
jet punch-through correction, but no insitu correction is applied (the exception being in the

application of the analysis selection, in which the insitu calibration is applied).

For events with exactly two perfectly calibrated jets, we expect to see a complete balance in

pr between the two jets that form the dijet. This scenario is illustrated in Figure 3.17. The

impact of the punch-through correction can be assessed by using events where one of the jets

in the dijet is a punch-through jet (Ngegments > 1), and the other jet does not punch-through

(Nsegments = 0). A tag-and-probe technique is then used, where the punch-through jet is

chosen as the probe jet, and the jet which does not punch—thro}l)lgh is the tag (reference)
probe

jet. The difference between the average in situ pr response ( %) in data and in Monte
T

Carlo provides us with the uncertainty.
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Punch-through uncertainty selection
Remove events which:
do not belong to good LBs, defined in the Good Run List.
- show evidence for noise bursts;
show evidence for data corruption in the calorimeters;
were recorded during the recovery procedure for the SCT;
are incomplete, i.e. they do not have information from the full detector.

Events must:

- have a primary vertex with at least two associated tracks;
- contain at least two clean jets with pyr > 50 GeV;

- pass HLT _j360 trigger;

- contain a jet with pr > 410 GeV.

Two leading jets must satisfy:

- ‘ndetector’ < 27;
- |Ag| > 2.9.
average

If there is a third jet present, it must be clean and satisfy pr < max(12,0.25py ).

Table 3.1: The analysis selection used in the derivation of the punch-through uncertainty.

"' Nprobe > 1

Segments —

probe

Pr

reference
T

Nreference -0

\ Segments

Figure 3.17: Schematic illustration of the two jets in a dijet system balancing in pry, with
the jet with Ngegments = 0 being the tag (reference) jet, and the jet with Ngegments > 1 being
the probe jet. Figure adapted from [2, 140].

The end goal is for users to be able to pass a punch-through corrected jet to the

JetUncertaintyProvider, and to obtain the uncertainty due to the jet punch-through cor-
rection for this jet. The uncertainty provided will depend on the properties of the jet, i.e.
the jet pr, Ndetector Ad Ngegments- The uncertainty must be derived across the full phase

space, i.e. all pr, Netector ANA Ngegments Values which jets could have.
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An overview of the steps involved in deriving the uncertainty will now be given, before

providing more details about each step.

average average

b b
preve  NEO and p , where p7. =

detector’ * ' Segments?

1. The phase space is divided into bins of i
5 ( ;%robe + pgff rence) . The following bins were utilised:
Tdetector- 0, 13, 19, 2.7

Ngegments: 0, 1, 5, 10, 15, 20, 25, 50, 75, 100, 150, 200

P9 420, 600, 1000, 1600, 3000, 4500

2. For each bin, the following quantities were calculated:

e The mean of the N?7%¢  distribution (calculated using the ROOT GetMean

segments

function).

e The mean of the p2** distribution (calculated using the ROOT GetMean func-

tion).

e The mean of the asymmetry distribution, where the asymmetry A is given by

probe reference

A= % (obtained via fitting a Gaussian function to the distribution).
T

robe
3. In situ pr response ((p vy ) =

reference
T

2+(A b b
;2 A;) vs pip " ° vs Nitgments 2D graphs were con-

structed in bins of n27%  for data and MC.

detector?

4. The 2D graph was converted into a 2D histogram using the ROOT Interpolate

function.

5. The uncertainty is given by the data-MC difference:

probe probe
br br
reference - reference .
Pr Data P MC

6. In order to cover the full phase space, the uncertainty is extrapolated. First we ex-

trapolate to higher p°* values, then to lower p/°* values, then to higher Nfgg"fm

values.

7. The final uncertainty is provided as a 3D histogram with p2 * on the x-axis, N fggﬁents

probe

on the y-axis, and 7]y, Z-aXis.
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The selected binning in step 1 is based on the Run I binning described in [2]. Each 7getector
bin corresponds to a separate region of the detector, i.e. |Ngetector] < 1.3 is the barrel region,
1.3 < |Ndetector| <1.9 spans the poorly instrumented transition region between the barrel and
end-cap, and 1.9 < [fgetector| <2.7 is the hadronic end-cap region. From Figure 3.10(a), we
observed that the level of data-MC agreement is different in each of these three regions,

) . . b
with worse agreement being observed for the two more forward ngetector bins. The N5

average average

and py binning is finer at low NZ /% .= and low p7 , respectively, increasing in the

higher N, g’g;ffems and p7 " regions, respectively, where there are limited numbers of events.
The p7“"*¢ starting point at 420 GeV was selected as it is above the leading jet py cut of
410 GeV. It was decided to bin in pi’“*°, rather than p2*® or pi™/““"* as this reduces the

impact of resolution differences between the probe and the reference jet.

In step 2, we obtain the mean of the Nfg;ﬁfmts distribution, the p#** distribution, and the
A+1 distribution. These quantities are needed in order to calculate the response (using

(A)) as a function of N?7°% and p&°" in the next step. By obtaining the mean of the

segments

p’}mbe distribution, this provides us with a mapping between the p7’“"*° bin and the average

p’}mbe in this bin. This is important as the uncertainty must be parametrised in terms of
phr°* as this is the jet property which will be passed to the JetUncertaintyProvider. As
previously mentioned, the mean of the A+1 distribution (A + 1) is obtained via fitting a
Gaussian function to the distribution. The fit is performed using the JES_ResponseFitter
package [3], which is a package developed by the JetEtmiss performance group for the fitting
of response distributions. The quantity A+1 is utilised, rather than just A, as the fitting
package expects a distribution centered around one, not zero. The fit is performed over the
core of the distribution ((A + 1) £ 1.60 from the mean). Examples of A+1 distributions
and their corresponding fits are shown in Figure 3.18. For further details about the fitting
procedure see Section 5.4 of [2]. By utilising a fit to the core of the distribution, we obtain
the value of the mean without taking into account any tails which may be present in the
distribution. Once (A + 1) is obtained, we subtract 1 to obtain the mean asymmetry (A),

which will be used to calculate the response in the next step.

In step 3, the mean values obtained in the previous step are used to construct 2D response

graphs as a function of p#* and N;”g;,?;ms, in bins of 7772 . A projection of the 2D

. b . . . .
response graphs in the plane of response versus Ni % . is shown in Figure 3.19 for two

b : o
Nhotesior DINS, as an example. The observed trends shown here for the in situ py response

probe Teco

(%) reflect those seen earlier in the post-correction py response (1%), in Figure 3.12

(bs and (d).
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Figure 3.18: Examples of fits to the asymmetry + 1 distribution (A+41) in data (left) and

Monte Carlo (right), in bins of |9qetector|s
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For the final uncertainty, we want more detailed information, so in step 4 we convert our
graphs into histograms by interpolating between the graph points. This allows us to choose

how finely we wish to sample the values between the points, enabling us to derive a response

robe

curve with finer granularity. The pf. ™" axis is sampled with increments of 100 GeV, and the
b .. D . .
N oments axis is sampled with increments of 10 muon segments. We now have 2D histograms
.. b b b ..
of in situ py response vs pi ™ and Ni7 7% for each nfier . bin, in data and MC. An example
. . . b .
is shown in Figure 3.20 for the 0 < |07 | < 1.3 bin.
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Figure 3.20: The in situ py response (pTTprﬁ) is shown in the plane of p2 versus N g’;g’;gents
for the central region 0 < |2%¢ | < 1.3, for data (left) and Monte Carlo (right).

In step 5, we calculate the uncertainty by taking the data-MC difference in response for re-
gions where we have both data and Monte Carlo response values. The calculated uncertainty

is shown in the region contained within the white box in Figure 3.21, for each nngé)ftor bin.

The general trends observed in the uncertainty is that it is larger in the more forward n/re.

regions, and for higher Ngggfgems, as expected, and it is larger for higher p’°*. The largest

uncertainty observed in each 727" bin is as follows: 4.7% for the most central 772" bin,
8.7% for the more forward eta bin, and 9.3% for the most forward n%.*  bin.

As previously described, the uncertainty must span the full phase space, so in step 6 we

extrapolate the derived uncertainty. A simple extrapolation was used, in which the calculated

uncertainty values at the edge of the white box were used in other regions of phase space.

The values in the top rows were first extended to higher values of p/7°*®, then the values in
robe

the lowest rows were extended to lower values of p.”, and finally the columns furthest to

the right were extended to higher values of N7

segments- Lhe extrapolated uncertainties are

shown in Figure 3.21.
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Figure 3.21: The white box shows the region where the jet punch-through uncertainty is
derived. These uncertainty values are extrapolated to the regions outside the white box.
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In step 7, we obtain the final uncertainty in a 3D histogram, by effectively stacking up the

probe
detector

full phase space, i.e. NP up to 250, pr® up to 7 TeV and all 777%  bins. In the

segments detector

2D uncertainty histograms from each n bin. The final uncertainty provided spans the
future, a more precise extrapolation procedure could be utilised, such as the nonparametric

regression technique utilised in Run I [2]. Additionally, the extrapolation could be performed

probe

detector bins.

across the n

The method used to derive the uncertainty in Run II differs to the method used in Run
I, which is documented in detail in [2]. In Run I the uncertainty was derived in bins of
pfpmbe, rather than p7’“"*°, and hence, the mapping from p7“"*¢ to p’%mbe was not needed

and the uncertainty was derived in one dimension as a function of N 7% .. In addition,

probe
the response pT— was calculated and fitted directly, rather than being calculated via the

reference
asymmetry. In Run II, prior to these changes, when binning in ph°* rather than p* %,
tails were observed in the response distribution, with an excess at high response values.
The changes were made following advice from members of the n-intercalibration team, and
Gaussian shaped asymmetry distributions with symmetric tails were obtained when using

the recommended procedure.

As previously mentioned, when deriving the punch-through correction, there were insufficient
events above Ngetector = 1.9; thus, there is no jet punch-through correction applied in this
region. It was decided to apply the derived uncertainty in this region, even though there
is no correction, as the uncertainty provides a measure of the impact of jet punch through
in this region. In contrast, it was decided not to apply the derived uncertainty to jets with
Nfgjﬁents < 20, which do not receive the jet punch-through correction. The uncertainty is

not applied in order to avoid applying an unnecessary extra uncertainty to jets containing
B-Hadrons.

In Figure 3.15, the jet punch-through uncertainty was shown for jets with n = 0, for the
calibration utilised in the high mass dijet analysis, and for the calibration utilised in the dijet
+ ISR analyses. It should be noted that when producing this plot, the derived uncertainty
is multipled by the average fraction of jets receiving the punch-through correction (i.e. those
with Ngegments > 20), to give a realistic estimate of the impact of this uncertainty. This

fraction is shown in Figure 3.22 as a function of jet pr .
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Figure 3.22: The fraction of jets with > 20 Ngegments, i.€. the fraction receiving the jet
punch-through correction as a function of jet pr .

By comparing Figure 3.15(a) and Figure 3.15(b), we see that the jet punch-through un-
certainty is larger for the calibration utilised in the high mass dijet analysis, than for the
calibration utilised in the dijet + ISR analyses. For the calibration utilised in the high mass
dijet analysis, there was insufficient Run II data to derive the uncertainty using data. The
initial plan was to utilise the Run I uncertainty plus additional factors to cover the changes
between Run I and Run II. However, due to the change in Ngegments Observed between Run
I and Run II, shown previously in Figure 3.11(a), the use of the Run I uncertainty would
require a ‘mapping’ between Ngegments in Run I and Ngegments in Run II. This approach was
dropped, as the relationship is not expected to be one-to-one, making the mapping extremely
complex. Instead, a conservative approach was taken in which the maximum Run I uncer-
tainty (10%) [2] was taken as a flat uncertainty for all jets with Ngegments > 20. For the
calibration utilised in the dijet + ISR analyses, the uncertainty derived in this section was
utilised. Hence, we observe a reduction in the uncertainty with respect to the uncertainty

utilised in the high mass dijet analysis.

3.4 Photon Reconstruction

As previously described, upon interaction with the calorimeter, highly energetic photons pro-
duce a shower of lower energy electrons, positrons and photons, depositing a large amount of
energy in the EM calorimeter. In order to reconstruct photons, a combination of calorimeter
information and tracking information is used. An overview of photon reconstruction will be
provided here, for full details see [131, 156, 157].
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The first step in the photon reconstruction is to identify groups of EM calorimeter cells
which contain a significant energy deposit, these regions are referred to as seed clusters.
In order to do this, within || < 2.47, the EM calorimeter is divided into a grid of 200 x
256 calorimeter towers, with a size of An x A¢ = 0.025 x 0.025 in i and ¢ (matching the
granularity of the EM calorimeter cells in the middle layer). The sum of the energy contained
in each tower is computed, and a fixed-size sliding window technique [131] is applied to locate
local maxima in transverse energy Er, which exceed 2.5 GeV. The sliding window technique
involves scanning over the tower grid in windows of 3 x 5 towers. Once local maxima have

been located, a more precise position calculation is performed and seed clusters are defined.

The next step involves identifying the seed clusters as either electrons, converted photons
or unconverted photons, where converted means that the photon has transformed into an
electron-positron pair [157]. In order to perform this categorisation, a loose matching of inner
detector tracks to seed clusters is performed using geometrical requirements. The tracks are
then used to identify single or double track photon conversion vertices. For double track
conversion vertices, the tracks must be consistent with opposite sign electrons, based on hit
requirements in the TRT. For single track conversion vertices, the track must be consistent
with an electron and have no hits in the IBL. The conversion vertices are then matched to
the cluster using geometrical requirements. If a cluster has no matched track or conversion
vertex then it is classified as an unconverted photon. If a cluster is matched to either a single

or double track conversion vertex then it is classified as a converted photon.

Once classified, the final calorimeter clusters are built with a size that depends on the position
of the cluster. For converted and unconverted photons in the EM barrel a 3 x 7 cluster is
built (measured in units of towers), and in the EM end-cap a cluster size of 5 x 5 is utilised
[156]. The size of the clusters is a compromise between minimising noise and containing the

full energy of the photon.

The energy calculated for the final clusters is then calibrated in order to correct for effects
such as energy losses in material before reaching the calorimeter, or energy leaking outside
the cluster [156]. A separate calibration is derived for converted photons and unconverted
photons, due to their differences in material interactions in the inner detector [116]. The
latest calibration provided by the ATLAS EGamma performance group was used; for full

details about the calibration and associated uncertainty see [156, 158].
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Dijet Invariant Mass Spectra

The well calibrated jets can now be used to construct dijet invariant mass spectra. New
BSM particles or interactions can then be searched for by looking for resonance ‘bumps’
above the smoothly falling spectra predicted by QCD. In order to perform such searches
experimentally, events which contain at least two jets are selected. The invariant mass of
the pair of jets (dijet) which is most likely to have been produced by the decay of the
resonance is then calculated by summing together the calibrated four-momentum vectors of

the two jets, which is equivalent to the equation

mj; =V (Er + E2)? — (p1 + p3)?, (4.1)

where F; (F5) is the energy of the leading (sub-leading) jet and pj (p3) is the momentum of
the leading (sub-leading) jet, if the dijet invariant mass is calculated using the two leading
jets. This quantity is calculated for each of the selected events, such that a spectrum of

number of events versus dijet invariant mass can be produced.

Expanding equation (4.1), and using the relations £y = /m? + p? and Fy = /m3 + p3
yields the equation

my; = \Jm3 -+ m3 + 2(E By — [pil[pileos(9)). (4.2)

where 6 is the angle between the momenta of the two jets. From this equation, we can see
that there is a relationship between the dijet invariant mass m;; and the angle between the
two jets. Typically a larger m;; corresponds to a larger separation angle. However, care
must be taken as Lorentz boosts to the system can change both the energy and momenta of

the jets, as well as the separation angle between them, while m; is preserved.

66
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In order to produce dijet invariant mass spectra for the three analyses described in this thesis,
decisions need to be taken about the strategy for including data in the analysis, and which
events are suitable for inclusion. The data inclusion strategy, datasets, simulated samples
and analysis selection are described in Section 4.1 for the high mass dijet analysis, and in
Section 4.2 for the dijet + ISR analyses. Once the selection is defined data-MC cross-checks
are performed in the phase space of the analysis to ensure that there are no unforeseen issues
with the data; a small selection of such cross checks are shown in Section 4.3. Finally, in
order to produce the spectra the binning for each spectrum needs to be chosen. In Section 4.4

the binning for the spectra is derived and the final mass spectra are presented.

4.1 The High Mass Dijet Analysis

The high mass dijet analysis was the first of the three analyses to be performed, and it was
the first ATLAS search paper to be published using /s = 13 TeV data. The paper was
published in Physics Letters B in March 2016 [8]. As this analysis aims to search for heavy
new resonances the invariant mass is calculated using the two highest pr jets in the event.
At such high masses (1.1 TeV and above) it is extremely unlikely that a jet originating from
pile-up or initial state radiation could be produced with higher pr than the jets from the
decay of a resonance. An example diagram showing the production of a new resonance and

its decay to the dijet final state is shown in Figure 4.1.

Figure 4.1: Example Feynman diagram showing the production of a new resonance X de-
caying to the dijet final state.

4.1.1 Blinding Strategy

The data collected by ATLAS in 2015 was the first /s = 13 TeV data produced by the
LHC, and the high mass dijet analysis was one of the first analyses to analyse the /s =
13 TeV data. Prior to analysing this data, a decision needs to be made about the strategy for
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including data as it is collected. The decision was made to perform this analysis un-blinded.
The analysis selection and background estimation strategy was fixed prior to data taking,
and the analysis was performed for each substantial increase in dataset size, rather than

performing the analysis on data only once the full dataset was collected.

Performing the analysis un-blinded is beneficial for several reasons. One key benefit is
that this strategy allows any issues with the new data to be identified and solved early on,
reducing any loss of data. Due to this approach, the high mass dijet analysis was the first
analysis to observe a loss in the number of high mass dijet events. The reason for this loss
was due to a problem with the configuration of the trigger algorithm for saturated trigger
towers. Trigger towers become saturated when a transverse energy of approximately 250
GeV or higher is deposited [159]. The issue caused the trigger to select the bunch crossing
prior to the collision containing the high mass dijet event for the affected events. For the
early 2015 data, 50 ns bunch spacing was used, hence, the prior bunch crossing was empty.
Fortunately, as the problem was identified and resolved early on, it only resulted in the loss

of ~ 80 pb™! of data.

Another major benefit of the un-blinded strategy is that by analysing larger datasets as soon
as they are available, we would be able to make an early discovery if a signal is present. The
choice of an un-blinded strategy is also beneficial for the background estimation strategy, as
will be described in Chapter 5.

4.1.2 Dataset and Simulated Samples

The high mass dijet analysis utilised the full 2015 dataset, consisting of 3.6 fb~! data.
This data includes the events recorded to the debug stream. The fraction of events in the
debug stream was seen to increase with dijet invariant mass, highlighting the importance
of including the debug stream events corresponding to each data taking run included in
the analysis. The increase with dijet mass is thought to be due to the timing out of the
muon reconstruction system due to increased jet punch-through. The majority of the data
included in the analysis was collected when the full detector was operating well; however,
a small amount of data was collected when particular sub-detectors were not operating
correctly, or running conditions were altered. Before inclusion of this ‘non-standard data’,
cross-checks were made to ensure that differences between the standard data and the non-
standard data are negligible, or covered by the systematic uncertainties. A brief review of

the non-standard data will now be given:

e Approximately 25 pb™~! of data (less than 1% of the full dataset) was collected using

50 ns spacing between the proton bunches (the standard data utilises 25 ns spacing).
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Differences in jet pr and jet n when using QCD dijet MC with 25 ns bunch spacing,
and QCD dijet MC with 50 ns bunch spacing were shown to be negligible in the phase
space of the analysis. The difference in the jet energy scale uncertainty for 25 ns data

and for 50 ns data is less than 1%, and is neglected.

e Approximately 280 pb~! of data (~ 8% of the full dataset) was collected when the
Insertable B-Layer (IBL) was off, or in standby mode. The data collected with the IBL
on was found to be consistent with the data collected with the IBL off, within statistical
uncertainties, both with and without the global sequential calibration applied (this

calibration utilises tracking information).

e For 120 events in the analysis, an issue with one of the trigger algorithms caused the
trigger to select the bunch crossing prior to the collision containing the high mass dijet
event (note that this is a separate issue to the trigger problem described in Section
4.1.1). This issue occurred predominantly for high mass dijet events, and caused their
energy to be under-estimated. Since the measurement of the energy deposited in the
calorimeter spans several bunch crossings, the correct jet energies could be restored by
assigning the event to the correct bunch crossing offline. This procedure was performed
manually by experts, and led to an average upward shift of approximately 40% (100%)
for the EM (hadronic) jet energy of the affected events. Since the tracking information
is recorded within a single bunch crossing, this could not be restored, and hence,
for these selected events the recorded tracks are those belonging to the collision in the
previous bunch crossing. The overall impact of potential mis-calibration of these events
was assessed and was found to be negligible, with respect to the statistical uncertainty
on the background estimate. For full details about this issue and its resolution, see
[160].

Simulated Samples

Descriptions of Monte Carlo simulation techniques were given in Section 1.2.3. Unless other-
wise stated, the Monte Carlo samples utilised in the high mass dijet analysis were generated
at reconstructed level', using PYTHIA 8 [38] to calculate leading order matrix elements,
perform the parton showering, hadronisation and simulation of the underlying event, in con-
junction with the A14 set of tuned parameters [161], and the EVTGEN program [162] for the
decays of beauty and charm hadrons. The NNPDF 2.3 leading order parton distribution
functions [163] were used, and the renormalisation and factorisation scales [26] were set to

the average transverse momentum of the two leading jets.

In reconstructed level Monte Carlo the simulated particles and additional particles from pile-up are put
through a simulation of the ATLAS detector.
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In the high mass dijet analysis QCD dijet Monte Carlo is utilised to model the background,
with additional jets being provided by the parton shower. An additional truth level QCD
dijet Monte Carlo sample was generated, containing more than 2 billion events. Note that
the reconstructed level samples were used, unless explicitly stated otherwise. Recall that
the background samples are not utilised to derive the background estimate in the analy-
ses described in this thesis. They are utilised in the analysis optimisation, testing of the

background estimation procedure, and data-Monte Carlo comparison of variables.

The ‘benchmark’ BSM models considered in the analyses in this thesis were introduced in
Section 1.3. Recall that the Z’ dark matter mediator model is utilised in all three analyses,
and the other models are only utilised in the high mass dijet analysis. The simulated signals
are used in the optimisation of the analysis selection, testing of the background estimation

procedure, and in the limit setting.

The leading order matrix elements for the Z’ signal samples are calculated using MAD-
GRAPHS [164]. Only decays to gq pairs are simulated for all quark flavours, except for top
and bottom quarks. The mass of the dark matter particle m, was chosen to be much larger
than the mass of the Z’ dark matter mediator my such that the Z’ does not decay to dark
matter. This choice was made to simplify the scenario, and samples were produced for dif-
ferent values of myz and g, only. The width of the Z’ increases as the coupling to quarks g,
increases, as illustrated in Figure 4.2 for a 3 TeV Z’ in the high mass dijet analysis. For a

quantitative description of the dependence of the width on g, see [53].
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Figure 4.2: A comparison of the shape of a 3 TeV simulated Z’ resonance in the high mass
dijet analysis, for a coupling to quarks g, value of 0.1 (shown in blue), 0.3 (shown in red),

and 0.5 (shown in pink). Note that the areas of the signal templates have been normalised
to unity, allowing for a comparison of their shapes, but not their normalisation.
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Opposite sign spin 1 W’ signals are simulated with coupling values set to the Standard Model
W boson couplings, and the coupling of the W’ bosons to W*Z is forbidden. Only decays
to qq are simulated for all six quark flavours. The branching ratio to dijets is 75%, making

this the dominant decay mode.

The simulated excited quarks are spin % with Standard Model quark couplings, and the
compositeness scale” is set equal to the mass of the excited quark. Only decays via gluon
emission to a gg final state are simulated for up and down quarks. The branching ratio to

dijets is 85%, making this the dominant decay mode.

Simulated samples for three models of quantum black holes were produced: two of the
models utilise ADD type extra dimensions and are generated by the BLACKMAX [166] and
QBH [167] generators, respectively, and the third model utilises RS type extra dimensions
(variant RS1) and is generated by the QBH generator. For a review about the differences
between the BLACKMAX and QBH generators see Appendix A of [168], and [169]. The
CTEQGL1 leading order PDF set [170] was utilised and parton showering, hadronisation
and underlying event simulation was performed using PYTHIA 8, with the A14 tune. The
mass threshold for black hole production My, was set to the (TeV-scale) fundamental scale
of gravity Mp. All decays of the quantum black holes are simulated when generating the

MC samples.

4.1.3 Analysis Selection

Now that the data inclusion strategy, datasets and simulated samples have been defined,
a description of the analysis selection will be given, including how the data are filtered to
ensure that only events gathered when the detector was operating well are included, and

how events which are characteristic of a dijet resonance are selected.

Data Quality

The first step in the analysis selection is to choose only data which are good quality and
were recorded when the detector was operating well; this is to ensure that flawed data do
not bias the analysis results. The data are filtered through the application of a Good Run
List (GRL), which specifies groups of ‘good’ luminosity blocks (LBs) to be included in the
analysis. Physics Data Quality (DQ) flags indicate the condition of the trigger, reconstruc-
tion software, and sub-detectors of the ATLAS detector when each LB was recorded. They

are used to determine which LBs are good. The DQ flags, in addition to run requirements

2The compositeness scale is the energy scale above which quark substructure effects could be observed;
in the Standard Model this scale is infinite as quarks are assumed to be point-like [165].
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(e.g. beam energy) are used to define a GRL [171].

In addition to the requirement that only LBs in the GRL are included, there are also event
level quality requirements. Events are removed if they show evidence for noise bursts or data
corruption in the calorimeters. In addition, events are vetoed if they were recorded during
the recovery procedure for the SCT. Incomplete events which do not have information from
the full detector are also vetoed (with the exception of the non-standard data described
carlier) [172].

Dijet Topology

The next step in the analysis is to select events which are characteristic of dijet events. The
first requirement is that there are at least two tracks associated to the primary vertex. A
trigger requirement is then applied. This analysis uses the lowest un-prescaled single jet
trigger which was available for the full 3.6 fb~! dataset. The trigger used in this analysis
is referred to as the HLT_j360 trigger, which indicates that at least one jet with transverse
energy Er above the 360 GeV threshold was required at the HLT level. The jets reconstructed
and calibrated in the HLT are referred to as trigger jets. The HLT trigger utilises R =
0.4 anti-k; jets which have been reconstructed and calibrated to the particle level, using a

calibration that is similar to the offline calibration which was detailed in Section 3.2.

This analysis uses R = 0.4 anti-k; jets which are reconstructed offline then calibrated to
the particle level in the analysis. Only events with at least two jets which pass jet cleaning
criteria and have pr > 50 GeV are included. The pr threshold of 50 GeV was chosen in
order to reduce the effects of pile-up on the analysis. Since the trigger jets which were used
to select which events passed the trigger do not use the final jet calibration that is applied to
offline jets, their pr can differ from the offline jet values. In order to ensure that the analysis
is not affected by any trigger efficiency bias, the following cuts are applied: leading jet pr >
440 GeV and dijet invariant mass m;; > 1.1 TeV GeV. Details about the selection of these

requirements and additional cross-checks performed will be given in the following sections.

Jet Cleaning

The cleaning criteria used in this analysis are recommended by ATLAS, and full details are
provided in Reference [173]. The goal of the jet cleaning criteria are to remove ‘fake’ jets,
while retaining a high selection efficiency for the ‘real’ jets originating from the hard scat-
tering process. The sources of fake jets targeted by the jet cleaning are summarised below,

together with their characteristic features which are used to identify them for removal.
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The data quality checks previously mentioned remove most of the events which display a
large amount of noise in the calorimeters; however, some noise still remains and is removed
through the application of jet cleaning. One source of calorimeter noise is from noise bursts
in the Hadronic End Cap (HEC) calorimeter, which leads to individual noisy calorimeter

cells. Jets reconstructed from these noisy cells usually possess the following features:

The fraction of their total energy from deposits in the HEC calorimeter fypc is large.

The average signal shape quality (@) is large for these jets, meaning there is a poor

match between the observed calorimeter signal shape and one expected for a real jet.

The fraction of their energy in HEC calorimeter cells with a poor signal shape quality
fé{ EC ig high.

The total energy of all cells with an apparent negative energy F,, is large for these

jets.

In addition to sporadic noise bursts in the HEC, coherent calorimeter noise across many
cells in the EM calorimeter can occur. Jets reconstructed from these cells usually possess

the following features:

e The fraction of the total energy of the jet from deposits in the EM calorimeter fgj, is
high.

e The average signal shape quality (Q) is large for these jets.

e The fraction of their energy in the LAr calorimeter cells with a poor signal shape

quality féAT is high.

In addition to jets arising from calorimeter noise, jet cleaning also targets jets produced
by Non-Collision Backgrounds (NCB). This covers two sources of fake jets. One of these
sources is beam induced background, where protons which are lost from the beam upstream
can interact with the collimators or other shielding, resulting in cascades of particles. Ad-
ditionally, protons can interact with any residual gas in the beam pipe, leading to particle
cascades. High-energy muons produced in these cascades are capable of passing through the

shielding and leave energy deposits in the detector which can be reconstructed as jets. [174]

The other source of NCB is from cosmic-rays, where showers of particles produced in the
atmosphere can lead to additional particles passing through the ATLAS detector. The

particles which reach ATLAS are mainly muons, as it is deep underground.
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Jets arising from NCB sources are distinguished from real jets in the following ways:

e Real jets usually contain charged hadrons and originate from the interaction point,
depositing some energy in the EM calorimeter, so a minimum requirement on fg, is
made. Additionally, since charged hadrons produce tracks, a minimum requirement
on the jet charged fraction f., is made, where f., is the ratio of the scalar pr sum of

tracks from the primary vertex associated to the jet, divided by the jet pr .

e Real jets tend to extend from the interaction point, depositing energy in many calorime-
ter layers rather than being localised, which is more typical of jets from NCB. The
maximum energy fraction in a single calorimeter layer f,,., being high is an indicator

of the jet arising from NCB, or from calorimeter noise.

A summary of the variables used to discriminate between fake jets and real jets has been
given, and the exact requirements on the variables mentioned is provided in Appendix A. The
recommended jet cleaning criteria were largely based on the previous studies described in
[142] and [174], with additional optimisations performed using 6.4 pb™! /s = 13 TeV data.
Two recommendations were provided, with the loose working point having efficiencies of
99.5% (99.9%) for pr > 20 (100) GeV, and the tight working point having efficiencies of 95%
(99.5%) for pr > 20 (100) GeV. The loose working point was chosen for this analysis.

The jet cleaning criteria were derived using distributions which were inclusive in jet py, and
only a small /s = 13 TeV dataset was used in the optimisation, so the high pr region was not
investigated by the cleaning studies. Since the high mass analysis is particularly interested
in jets with py up to several TeV, it was necessary to check the performance of the cleaning
criteria at high py. Many cross-checks were performed, one of which was investigating jet
timing as a function of 1, where jet timing is given by the energy-squared weighted average
of the calorimeter cell time, for all cells belonging to the jet. If the jets are coming from
the hard scatter process, the jet timing should be approximately zero for all n values; from
Figure 4.3 it is seen that this is the case. Figure 4.3 uses the full 3.6 fb=! of data, after
application of the full analysis selection given in Section 4.1.3, this is also the case for all the

other figures shown in this chapter, unless otherwise stated.
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Figure 4.3: The jet timing versus jet n distribution is shown for the leading two jets in
data. Significant deviations from a jet timing of zero is indicative of NCB, noise, or poorly
measured jets. The average value of jet timing, indicated by the blue circles, is approximately
flat and centered around zero as a function of jet 7, indicating that the cleaning criteria are
performing well.

Tile Calorimeter Module Masking

Two tile calorimeter modules were not operational during Run II data taking and were
masked in the reconstruction. One of these modules failed early on and could be simulated
in the MC. Since one module was not simulated in the MC, this introduced a small mis-
calibration for jets falling in this region. This miscalibration is partially corrected by the

n-intercalibration.

Pile-up Reduction

In order to reduce the effects of pile-up on the analysis, a minimum ps requirement of 50
GeV was made on both the leading and sub-leading jets. In Figure 4.4(a), the distribution
of jet multiplicity as a function of Npy is shown to be approximately flat for jets with pr >

50 GeV, indicating that additional pile-up jets are being removed effectively.

In addition to introducing extra jets to the event, pile-up can also increase the energy of
jets in the event. This effect is mainly dealt with by the jet area-based pile-up correction
described in Section 3.2.2. As a cross-check, Figure 4.4(b) was produced. It shows that
mj; as a function of Npy is approximately flat, indicating that additional jet energy due to

pile-up is being removed successfully.
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Figure 4.4: Figure (a) shows jet multiplicity (for jets with pr > 50 GeV) as a function of
Npy in data. The mean value of jet multiplicity, indicated by the blue circles, is seen to
be flat as a function of Npy, indicating that additional jets from pile-up are being removed
effectively. Figure (b) shows m;; as a function of Npy in data. The mean value of m,j,
indicated by the blue circles, is seen to be flat as a function of Npy, indicating that that
additional energy from pile-up is being removed from the jets which form the dijet.

Trigger Efficiency

The thresholds for the leading jet pr cut and the cut on m;; are determined by producing
trigger efficiency curves in the analysis phase space, and determining the point at which
the efficiency reaches 99.5%. The first step is to apply the analysis selections mentioned
so far, in addition to a signal optimisation selection |yi,| < 0.6, detailed in Section 4.1.3,
such that we are examining data in the phase space of the analysis. The trigger efficiency
is calculated bin-by-bin as a function of leading jet pr and m;; by taking the ratio between
an un-biased sample of events which pass a single jet trigger with a lower Ep threshold, the
reference trigger, and events passing both the reference trigger and the HLT _j360 trigger.
The resulting efficiency curves are shown in Figures 4.5(a) and 4.5(b) as a function of leading
jet pr and mj;, respectively. A fit to the curves was used to determine the position of the

trigger plateau (defined by 99.5 % efficiency).

Table 4.1 summarises the points where the plateau is reached, together with the values chosen
for the cuts in the analysis. It should be noted that the cut values chosen by the analysis
are conservative. One reason for this is that the analysis cuts were set before data-taking,
so by giving a larger margin between the plateau and the offline cut, the offline cut values
would still be suitable if the lowest un-prescaled jet trigger threshold was increased during

data-taking.
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Figure 4.5: Trigger efficiency curves as a function of (a) leading jet py and (b) my;, are
shown for MC in red, and for 1 fb~! of y/s = 13 TeV data in black. Figure taken from [175].

Variable | Plateau [GeV]| Offline cut [GeV]
lead jet pr 409 440
m;; 900 1100

Table 4.1: This table shows the values where the trigger efficiency plateau (defined as 99.5%
efficiency) is reached for leading jet pr and m;;, and the offline cut values used in the analysis.

Signal Optimisation

In order to enhance our sensitivity to BSM models and reject QCD background, a require-
ment is made on the rapidity of the jets which form the dijet. As mentioned in Section 1.2.3,
QCD background is mainly the result of t-channel processes resulting in the production of
jets at small scattering angles. BSM physics is produced via s-channel processes resulting in
a more isotropic or central distribution of jets. These features are illustrated in Figure 4.6,
which shows the rapidity of the sub-leading jet versus the rapidity of the leading jet for SM
QCD processes, and for a BSM model (5 TeV excited quark).

In order to reject the forward peaking QCD background, the absolute value of the y7, variable

was used, which is related to the rapidity separation between the two leading jets by

* ‘yl — y2|
|y1a| = 5 (4.3)

where 3, is the rapidity of the leading jet and ys is the rapidity of the sub-leading jet. The
optimum cut value for this variable was determined by investigating the impact of the cut

value on the signal significance \/ig, where s is the total number of signal events kept by
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the selection and b is the corresponding value for background events. Figure 4.7 shows the
signal significance integrated to the cut position for a range of cut values, showing that the
optimum value (position that maximises the integrated \/iz}) for the excited quark model is

lyis] = 0.6. The analysis selection therefore requires that events have |yf,| < 0.6, the lines

indicating |yf,| = 0.6 are shown on Figure 4.6

Figure 4.6: The rapidity for the sub-leading jet versus the rapidity for the leading jet is shown
for (a) SM QCD processes, and (b) a 5 TeV q*, produced using Monte Carlo. The full analysis
selection has been applied with the exception of the yj, cut, hence, these distributions are

o
\\\\‘\\\‘\\\\‘\\\\‘\\\\‘\\

for mj; > 1.1 TeV. The blue lines indicate the |yj,| = 0.6 position.
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Figure 4.7: The signal significance \/ig integrated to the |yf,| cut position is shown for the ex-
cited quark model, for a range of signal masses. Note that each of the significance histograms
has been normalised to unit area over the displayed region. The position that maximises the

*
\

integrated % is [y7,| = 0.6, and is indicated by the blue line.
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Summary of Analysis Selection

A summary of the final analysis selection is given below in Table 4.2. The event yields at

each stage of this selection are given in Appendix C.

High mass dijet analysis selection
Remove events which:
- do not belong to good LBs, defined in the Good Run List.
- show evidence for noise bursts;
- show evidence for data corruption in the calorimeters;
- were recorded during the recovery procedure for the SCT;
- are incomplete, i.e. they do not have information from the full detector;

Events must:

- have a primary vertex with at least two associated tracks;
- contain at least two clean jets with pr > 50 GeV;

- pass HLT_j360 trigger;

- contain a jet with pr > 440 GeV.

Two leading jets must satisfy:
- [y7a] < 0.6
- My 2 1.1 TeV.

Table 4.2: The analysis selection used in the high mass dijet analysis.

4.2 The Dijet + Initial State Radiation Analyses

Recall that the dijet + ISR analyses target the low dijet mass region. This region is partic-
ularly challenging due to the high production rate of jets coupled with limitations in data
recording rates, forcing us to introduce high pre-scales on jet triggers with low Er require-
ments. As this region is difficult to access, some of the most stringent limits are from older
experiments with lower centre-of-mass energies, using small datasets. Therefore, this region
is particularly interesting to explore with larger datasets if there is a way to efficiently trigger

on low mass dijet events.

The dijet + ISR analyses presented in this thesis use an innovative approach [176, 177] to
help overcome the trigger limitations. A high momentum object (a photon or a jet) radiated
from the initial state could recoil against a light resonance, boosting it in the transverse
direction. The ISR object is used to trigger the event, allowing us to gather low mass dijet
events more efficiently than if we were to trigger on the decay products of the resonance

directly. See Figure 4.8 for an example Feynman diagram for each process.
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(a) (b)

Figure 4.8: Example Feynman diagrams showing the production of a new resonance X
decaying to a dijet, and produced in association with (a) an ISR photon and (b) an ISR jet.

These analyses were performed for the first time ever in ATLAS in 2016. A conference note
for the dijet 4+  analysis was produced for the LHCP conference in June 2016 [9], using 3.2
fb~! of pp collision data. These results were superseded and a conference note was produced
for the ICHEP conference in August 2016 [10], using 15.5 fb~! of pp collision data. Only the
ICHEP analysis will be described in this thesis. Results from both the dijet 4+ v analysis
and the dijet + jet analysis were included in this result, and the same un-blinded approach

utilised in the high mass dijet analysis was followed.

4.2.1 Datasets and Simulated Samples

The dijet + ISR analyses utilise 15.5 fb~! of 1/s = 13 TeV data collected in 2015 and 2016.
The number of events in the debug stream was found to be negligible in the phase space of
the analysis, hence, these events were not included. All of the data included in the analysis
was collected when the full detector was operating well. The data recorded with 50 ns bunch
spacing, and when the IBL was off or in standby mode was not included. Additionally, no
events assigned to the wrong bunch crossing were found after the application of the analysis
selections. The simulated background samples for the dijet + jet analysis are the same as

those utilised in the high mass dijet analysis.

For the dijet + ~ analysis, background samples were simulated using SHERPA 2 [39] to
calculate leading order matrix elements in « and «ay for up to three or four partons (three
for events with a photon pr of less than 70 GeV, and four for events with higher photon pr).
SHERPA 2 was also utilised to perform the parton showering, hadronisation and simulation of
the underlying event. To avoid overlap between the emissions from the matrix element and

the emissions from the parton shower, the two are merged using the leading order prescription
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described in [178]. The CT10 next-to-leading order parton distribution functions [179] were

utilised.

The signal samples utilised in the dijet + ISR analyses are the same as the Z’ dark matter
mediator samples described for the high mass dijet analysis; however, decays to beauty

quarks are also included, and different Z’ masses are considered.

An additional difference between the MC samples utilised in the dijet + ISR analyses and
those utilised in the high mass dijet analysis is that pile-up re-weighting has been applied
to the dijet + ISR reconstructed level MC samples. Recall that p is the mean number of
simultaneous inelastic proton-proton interactions being recorded in a bunch crossing; pile-up
re-weighting means that the MC events are weighted such that the p distribution in MC
matches the p distribution in data [180], shown in Figure 2.2(a). In addition, for MC samples
utilised in the dijet + ~ analysis, correction factors were applied to photons in the MC to

obtain better agreement between shower shape variables in data and MC, as described in
[181].

4.2.2 Mass Fractions

As previously mentioned, each analysis needs to determine which pair of jets is most likely
to have been produced by the decay of the resonance in order to calculate the dijet invariant
mass. For the dijet + 7 analysis, the v is assumed to be the ISR object and the invariant
mass m,;; is calculated using the leading and sub-leading jets. For the dijet + jet analysis, the
situation is more complex since all three final state objects are of the same type. Therefore,
in principle one could use mis, my3 or mo3 as the observable, where the numbers denote

which pr ordered jets are used to calculate the mass, with 1 being the leading jet.

In order to determine which mass combination is most suitable for reconstructing the reso-
nance, plots showing the fraction of ‘correct pairing’ versus nominal signal mass were made
for each mass combination. In order to produce these plots, the number of events in a + 10%
mass window around the nominal signal mass is calculated for each mass combination, and
then converted into a fraction by dividing by the total number of events within the window
for all three mass combinations. Figure 4.9 shows an example of one of the plots that are
produced. This figure uses the Z’ signal with g, = 0.3, but similar features are seen for
the other g, couplings. Note that the final analysis selection, outlined in Section 4.2.3, was
applied to the signals prior to calculating the fractions and the y* cut applied is between the

signal jets (e.g |yi5] is used in the selection for ms3).
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The figure shows that mag is the optimum choice in the low mass region (up to ~ 400 GeV),
above this threshold m;3 becomes optimum. As this analysis is interested in accessing the
low mass region, msgs was chosen as our observable, referred to as m;; in the following.
In future analyses, one could consider additionally performing a search using my3, but for

simplicity, and since this was a new analysis in ATLAS, it was decided not to pursue this.
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Figure 4.9: The fraction of events which are reconstructed in a + 10% mass window around
the nominal signal mass, for a Z’ signal with g, = 0.3, as a function of nominal signal mass.
The fractions are shown for each mass combination, m,, mi3 and mss. The fractions are
computed relative to the total number of events within the £ 10 % mass window around the
nominal signal mass for all three mass combinations.

4.2.3 Summary of Analysis Selections

The dijet + ISR analyses share many similar analysis selections to the high mass dijet
analysis described in Section 4.1.3. A summary of the jet and photon requirements for the
dijet + ISR analyses is given in Table 4.3, before giving the final analysis selections in Table

4.4. The event yields at each stage of the analysis selections are provided in Appendix C.

Dijet + ISR object selection

Jet requirements Photon requirements
Use clean R = 0.4 anti-k; jets Use converted & unconverted, isolated ~
within |n| < 2.8; satisfying tight identification;
with pr > 25 GeV;, with |n| < 2.37
and JVT > 0.59 for pr < 60 GeV & |n| < 2.4. | excluding 1.37 < |n| < 1.52.

Table 4.3: The jet and photon object selection used in the dijet + ISR analyses.
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Dijet + ISR analysis selections

Remove events which:
- do not belong to good LBs, defined in the Good Run List;
- show evidence for noise bursts;
- show evidence for data corruption in the calorimeters;
- were recorded during the recovery procedure for the SCT;
- are incomplete, i.e. they do not have information from the full detector.

The primary vertex must have at least two tracks associated with it

Dijet + ~ Dijet + jet
Events must: Events must:
- contain at least two clean jets; - contain at least three clean jets;
- pass HLT _g140_loose trigger. - pass HLT_j380 trigger;
- contain a v with pr > 150 GeV. | - contain a jet with pr > 430 GeV.
Two leading jets must satisfy: Second and third jets must satisfy:
- [y1,] < 0.8; - |ys4| < 0.6;
- 169 < mj; < 1493 GeV; - 303 < mj; <611 GeV.
- ARISR close—jet > 0.85.
Overlap removal is applied.

Table 4.4: The analysis selections used in the dijet + ISR analyses.

Descriptions of requirements that differ to those used in the high mass analysis will now be
given. Note that the event level data quality requirements are the same as those used in
the high mass dijet analysis, except for the application of a different GRL for this higher

luminosity dataset. Hence, these requirements will not be mentioned further.

Jet Requirements

The reduction of the jet pr requirement to 25 GeV allows us to explore lower dijet masses,
but introduces the need to employ additional pile-up mitigation techniques. In the jet
pr region below 60 GeV, the Jet Vertex Tagger (JVT) [182] is used in order to distinguish
jets originating from the primary vertex from pile-up jets. This is a multivariate discriminant
which uses tracking information, hence, its range is limited to jets within |n| < 2.4. The
default cut value of 0.59 is used [182]. After the application of the JVT requirement and other
pile-up mitigation techniques described earlier, such as the jet area-based pile-up correction,

pile-up has a negligible effect, as demonstrated in Figures 4.10 and 4.11.
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Figure 4.10: The jet multiplicity (for jets with pr > 25 GeV) as a function of Npy in data
is shown for (a) the dijet 4+ 7 analysis, and (b) the dijet 4+ jet analysis. In both cases the
mean value of jet multiplicity, indicated by the blue circles, is seen to be flat as a function
of Npy, indicating that additional jets from pile-up are being removed effectively.

3
;‘2000,‘”‘\HH\HH\HH\HH ;‘2000,””\””\”‘\ T x10
@ F Vs=13 TeV, 15.5 fb™ 16000 2 F Vs=13 TeV, 15.5 fb*
& 1800F- s 3 1800 120
£ 1600 14000 £ 1600
1400;* 12000 1400% 100
1000? 8000 1000? 5
800 800
r 6000 r
600F 600F 40
400F 4000 400F o 2
200 B 2000 2000
O: | | | P | | | 0: | | i | | IR BRI R O
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40
N, N
(a) PV (b) PV

Figure 4.11: Dijet invariant mass m;; as a function of Npy in data is shown for (a) the dijet
+ 7 analysis, and (b) the dijet + jet analysis. In both cases, the mean value of m;;, indicated
by the blue circles, is seen to be flat as a function of Npy, indicating that the additional
energy from pile-up is being removed from the jets which form the dijet.

Photon Requirements

Both converted and unconverted photons are used in this analysis, and they are reconstructed
as described in Section 3.4 and calibrated as described in [156, 158]. In order to select
events with a prompt photon, rather than those arising from hadronic decays, or the false
identification of an electron or a jet as a photon, the photon is required to satisfy tight
identification. This identification procedure uses requirements on shower shape information
from the EM calorimeter, the energy fraction deposited in the hadronic calorimeter and
information from the finely segmented first layer of the EM calorimeter [183]. The photon
is required to be within || < 2.37, as this is the region spanned by the finely segmented



Chapter 4. Dijet Invariant Mass Spectra 85

first layer of the EM calorimeter. Within this region, photons within 1.37 < |n| < 1.52
are excluded, as photons are poorly measured in this transition region between the barrel
and end-cap. In order to further suppress the selection of photons arising from background
sources, the photon is required to be isolated, i.e. separated from other objects in the event.
A cone of size AR = \/(n—mn")?+ (¢ — ¢7)?> = 0.4 is defined around the direction of the

photon, and the sum of Er of the topoclusters in this cone (after subtraction of the photon

energy, pile-up and underlying event contributions) is calculated. In order to be classified as
isolated, the sum Er must be less than 2.88 GeV + 0.024 p;. [184].

Dijet + ISR Analysis Selections

In the dijet + ~ analysis, the lowest un-prescaled single photon trigger available was used.
The trigger is referred to as the HLT g140_loose trigger, which indicates that at least one
photon with Er above the 140 GeV threshold was required at the HLT level. The photon
was required to satisfy loose identification at the trigger level. The HLT trigger uses photons
which have been reconstructed and calibrated in the HLT, using a calibration that is similar
to the offline calibration. The leading photon in this analysis is required to have a pr above
150 GeV, in order to be above the trigger plateau. Mass cuts are applied for these analyses,
but unlike the high mass dijet analysis, the range is not set directly by deriving the trigger
turn on in mj;. The reason for this is that m;; is calculated independently of the leading
photon on which we trigger; it is calculated using the two highest pr jets. The values of
the mass cuts that we apply are based on the region over which we fit the spectrum in
order to derive the background estimate; more details about the choice of this range will
be given in Section 5.2.3. Overlap removal is applied as a further isolation requirement
within the isolation cone used in the analysis, and to address the problem of duplication,
i.e. the reconstruction of a single object as two separate objects [185]. In this analysis
overlap removal is applied between the photon and the jet, discarding jets which are within
AR = \/(y—y)2+ (¢ — ¢7)2 = 0.4 around the photon, as recommended in [185]. The
combined application of the previous requirements selects a photon sample with greater
than 90% (80%) purity for unconverted (converted) photon candidates [186].

In the dijet + jet analysis the HLT _j380 trigger is used, as the E7 threshold for the lowest
un-prescaled single jet trigger was raised from 360 GeV to 380 GeV during 2016. A leading
jet pr cut of 430 GeV was utilised. This is lower than the leading jet pr cut applied in the
high mass dijet analysis, even though the trigger threshold has been raised. The value used
in the high mass analysis was very conservative to ensure that if the trigger threshold was
raised during data taking then the leading jet pr cut could remain unchanged. Since we are

interested in the low mass region now, it is beneficial to lower this requirement as much as
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possible. Mass cuts are applied in this analysis. As for the dijet + v case, the values for
these cuts are based on the range over which we fit the spectrum; more details about the

choice of this range will be given in Section 5.2.3.

Signal Optimisation

In order to optimise our sensitivity to BSM models, additional analysis cuts were applied to
preferentially select signal events while rejecting background events. The same technique as
outlined in Section 4.1.3 was utilised in order to decide the optimal cut positions. Two signal
points for the Z’ model were considered in the optimisation, with masses of 350 GeV and 450
GeV and coupling g, = 0.3. For the optimisation, a mass window cut of + 50 GeV around
the nominal signal mass was applied to my5 for the dijet 4+ v analysis, and to mog3 for the dijet
+ jet analysis. Utilising a mass window cut ensures that we are performing the optimisation
using events for which we selected the correct mass combination to reconstruct the resonance
peak, rather than performing the optimisation using ‘wrong combination’ events. The cut
is applied to both signal and background samples to ensure we are comparing events in the
same mass region. The window size utilised roughly corresponds to 3¢ of the width of the

Z' mass points with g, = 0.3.

In order to reject the forward peaking QCD background, the absolute value of the y7, variable
was used in the dijet + 7 analyis, as defined previously in Equation (4.3). In the dijet + jet

analysis, the absolute value of the y3, variable was used. This variable is defined by

‘3/2 —y3|

5 (4.4)

|y§3| =

where ¥ is the rapidity of the sub-leading jet and y3 is the rapidity of the third highest pr jet
in the event. In each of the two analyses, the variables relate to the rapidity separation
between the ‘signal jets’, i.e. the jets used to calculate the dijet invaraint mass. Figure 4.12
indicates that |yj,| < 0.8 is the optimum selection for the dijet + 7 analysis, and |y34] < 0.6

is the optimum selection for the dijet + jet analysis.

For the dijet + 7 analysis, a slight gain is achieved by applying an additional requirement
that the leading photon in the event is separated from the closest jet by ARisr close—jet >

0.85. This requirement rejects events in which the photon is close to or inside a jet.
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Figure 4.12: The signal significance \/ig integrated to the cut position is shown for the Z’

model with g, = 0.3, for two signal masses. Note that each of the significance histograms
has been normalised to unit area over the displayed region. The position that maximises the
integrated 2 is (a) |yiy| = 0.8 for the dijet + v analysis and (b) |y3;] = 0.6 for the dijet +
jet analysis, and is indicated in the figures by the blue line.

The efficiency € of the dijet + ISR selections were evaluated for each signal mass and coupling
point considered in the analyses. Efficiency is defined as the fraction of events passing the
analysis selection in reconstructed level Monte Carlo with respect to the number of events
passing the analysis selection in truth level Monte Carlo. This takes into account the photon
and jet reconstruction and identification efficiencies. The efficiencies for the dijet 4 v analysis
are summarised in Figure 4.13, with an average efficiency of 81%. For the dijet + jet analysis

(and the high mass dijet analysis) the efficiency is 100%.
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Figure 4.13: A summary of the efficiencies for all the mass and coupling points utilised in
the dijet + 7 analysis. Figure taken from [10].
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4.3 Data-Monte Carlo Comparisons

Prior to producing the dijet invariant mass spectra, an important cross-check is to compare
the data to MC predictions in the phase space of the analysis and look for any discrepancies.
A small sample of data-MC comparisons for some of the key analysis variables are shown

in Figure 4.14 for the high mass dijet analysis, Figure 4.15 for the dijet 4+ v analysis, and

Figure 4.16 for the dijet + jet analysis.
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Figure 4.14: A data-MC comparison of some of the key variables used in the high mass dijet
analysis. The full 3.6 fb~! dataset is compared to MC generated using PYTHIA and scaled
by a factor of 0.87. The blue shaded bands show the JES uncertainties. Figures (a) and (b)
are taken from [187]. Figures (c), (d) and (e) are taken from [175]
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Figure 4.15: A data-MC comparison of some of the key variables used in the dijet + ~
analysis. The full 15.5 fb~! dataset is compared to MC generated using SHERPA and scaled
by a factor of 1.52. The blue shaded bands show the combination of the jet energy scale and
photon energy scale uncertainties.
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Figure 4.16: A data-MC comparison of some of the key variables used in the dijet + jet
analysis. The full 15.5 fb~! dataset is compared to MC generated using PYTHIA and scaled
by a factor of 0.83. The blue shaded bands show the jet energy scale uncertainties.
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For the high mass dijet analysis comparisons a normalisation scale factor of 0.87 was applied
to the MC, as the MC cross-section was found to be ~ 13% too high with respect to data.
For the dijet + 7 case a normalisation scale factor of 1.52 was applied to the MC, and for
the dijet + jet case a normalised scale factor of 0.83 was applied to the MC. These figures
show that in general the data and MC are consistent within the jet energy scale uncertainty

bands (jet energy scale and photon energy scale uncertainties for the dijet 4+ v analysis).

4.4  Producing the Spectra

Once appropriate cross-checks have been made, the next step in each analysis is to produce
a dijet invariant mass spectrum. In order to do this, we must first select an appropriate
binning for the spectrum. The binning utilised in the high mass dijet analysis will first be

described, before describing the binning utiised in the dijet + ISR analyses.

4.4.1 Spectrum for the High Mass Dijet Analysis

There are several criteria that the derived binning should satisfy. The selected binning
should be wider than the dijet mass resolution to decrease the migration of events from
one invariant mass bin to another, but narrower than our expected signal width, such that
signals span several bins, rather than falling into one single bin. Narrower binning can help

to improve our signal sensitivity.

In order to search for excesses above the QCD background, we need to be able to estimate
this background. The approach used in the high mass dijet analysis is to fit the spectrum
using a smoothly falling function in order to obtain the background estimate. This strategy
impacts our choice of binning as our spectrum needs to preserve the smoothly falling nature
of the QCD background, not introducing false bumps or kinks to the spectrum through
a poor choice of binning, as sharp features in the spectrum can not be described by our
function. Additionally, it should be noted that narrower bins provide more inputs for the fit

function, improving fit stability.

Taking all of the factors mentioned above into account, the following set of criteria for the

binning selection were devised:

1. Bin widths must be larger than the dijet mass resolution.
2. Number of bins should be maximised.

3. Bin widths must be narrower than the expected signal width.
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4. Binning should produce a smooth spectrum when using QCD dijet MC.

Determining the Dijet Mass Resolution

In order to set a lower bound on the bin widths, we need to derive the dijet mass resolution.
The dijet mass resolution is derived using QCD dijet MC and calculating the ratio of —i
M3

truth * where the reconstructed jets are ghost associated to the truth jets. A

Jj
Gaussian shape is fitted to the distribution in each m

in bins of m

truth
17

is calculated as the width of the Gaussian fit, o(m;;). This is translated into the fractional

bin, then the dijet mass resolution

dijet mass resolution by dividing by the mean of the Gaussian (m;;). The fractional dijet

mass resolution is then plotted against truth level m;;, as shown in Figure 4.17.
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Figure 4.17: The fractional dijet mass resolution % Versus m;];uth, taken from [187].

33 )

Note that when deriving the binning, the final high mass dijet analysis selection was applied,
with the exception of the leading jet pr cut, which was loosened to 350 GeV, in order to

avoid any kinematic bias on the resolution at the low mass end of the spectrum.

Deriving the Binning

Using the criteria stated earlier, it was decided that maximising the number of bins was
the optimum choice for this analysis. This translates to picking bin widths that match the
resolution. Our first step in deriving the binning is to fit the histogram shown in Figure

4.17 with a polynomial function in order to derive a smooth curve. Above 8055 GeV, there
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were insufficient MC events to derive the resolution, so a flat extrapolation was used to
extend the curve. This is a reasonable approximation as in Figure 4.17 we can see that the
fractional dijet mass resolution starts to plateau at high mass. The extrapolation enables
us to generate bins up to the centre-of-mass energy (13 TeV), allowing us to accommodate
potential high mass signals, and ensuring that no events are missed. The extrapolated curve

is used in the iterative procedure described below in order to derive the binning.

The starting point for deriving the binning (minitia1) was chosen to be 946 GeV. This value
was chosen as it is above the m;; peak in the QCD dijet MC with the looser pr cut, and it
is well below the 1.1 TeV starting point of the full analysis.

The iterative process proceeds as follows:

1 o(Minitial) )
)

1. A guess at the position of the bin centre is made: Meentre = Minitial(1 + 2 i)

where W is the fractional dijet mass resolution evaluated at miptial-
initial
U(minitial)
I 2 >|
Minitial Mcentre

Note that the black arrow in the example diagram points from the starting point for

the current step to the position calculated in this step.

2. The derived Mmeentre 18 used to calculate the lower bin edge:

l O'(mcentre)

R ) now using the fractional dijet mass resolution evaluated

Miower = "nt:entre(1 -

at Meentre-
U(mccntrc)
Minitial Mlower Meentre

3. Check if mjpitial (true bin edge) and myower (derived bin edge) agree to within a tolerance
of 0.1%.
If Miower > Minitial Shift Meentre by -0.01 GeV and repeat step 2.
If Miower < Minitial Shift Meentre by +0.01 GeV and repeat step 2.

A

Minitial Mlower Meentre

Note that the red arrow indicates the direction of the 0.01 GeV shift in the example

diagram.
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4. Once the tolerance threshold has been satisfied, the upper bin edge is calculated:

Mupper = Meentre(1 + %%), and rounded to the nearest 1 GeV.

U(mcentre) O'(mcentre)

2 2
Minitial Mcentre Mupper

M)ower

5. The procedure is repeated with Mmipitial = Mupper-

The final derived binning is given in Appendix B. The four initial criteria that the binning
was required to satisfy were checked. The bin widths agreed with the resolution curve to
within 1%, and the number of bins were maximised, satisfying criteria one and two. The bin
widths were compared to the signal widths and were several times smaller, satisfying criteria

3. The final QCD dijet MC spectrum was smooth, satisfying criteria 4.

The Final Mass Spectrum from Data

The final mass spectrum for the high mass dijet analysis is shown in figure 4.18.
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Figure 4.18: The final mass spectrum for the high mass dijet analysis, using 3.6 fb=! of
Vs =13 TeV data.
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4.4.2 Spectra for the Dijet + ISR Analyses

In order to maintain consistency between both the dijet + ISR analyses, and the high mass
dijet analysis, a common binning was used. In both of the dijet + ISR analyses the binning
derived for the high mass dijet analysis is used, with an extension to low mass. In order to
derive the extended binning in the low mass region, the same techniques, MC and analysis
selections used to derive the high mass binning were applied, with the exception of the
leading jet pr cut. The leading jet pr cut was lowered from 350 GeV to 100 GeV in order to
shift the m;; peak in the QCD dijet MC lower in mass. The final derived binning is given
in Appendix B.

A comparison was made between the fractional dijet mass resolution for each of the dijet +
ISR analyses, and the fractional dijet mass resolution used to derive the extended binning.
The comparison shows that the differences between the curves for the dijet + ISR analyses
and for the curve used to derive the extended binning are small. Hence, it was decided that

the extended dijet binning can be used for the dijet + ISR analyses.
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Figure 4.19: The fractional dijet mass resolution H versus m““th is shown. A comparison

is made between the curve used to derive the extended blnnlng, points shown in black and
(a) the fractional dijet mass (mjz) resolution curve for the dijet + 7 analysis shown in red,
(b) the fractional dijet mass (ms3) resolution curve for the dijet + jet analysis shown in blue.
Figure adapted from [188].

The Final Mass Spectra from Data

The final mass spectra for the dijet + ISR analyses are shown in Figure 4.20.
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Figure 4.20: The final mass spectra for the dijet + ISR analyses, using 15.5 fb~! of /s =
13 TeV data, and triggered using an ISR (a) photon, (b) jet.



Chapter 5

Searching for Resonances

The common goal of the high mass dijet analysis and the dijet + ISR analyses is to determine
if there is evidence for resonances being present in the spectra, and to assess their significance.
In order to determine if such resonances are present it is necessary to compare the spectra
produced in Chapter 4 to an estimate of the background produced via Standard Model
processes. The background estimations utilised in these analyses are described in Section 5.2.
Once the background estimates have been derived, a comparison between the background
estimate and the data needs to be made for each analysis, and a quantitative measure of
the significance of the largest excess is calculated, as described in Section 5.3. Validations
of the methods are given in Section 5.4, before the final results are presented in Section 5.5.
Before proceeding, a brief overview of the statistical approach utilised in this search phase

of the analyses will be given in Section 5.1.

5.1 Statistical Approach

There are two main notions of probability utilised in particle physics: a frequentist approach,

and a Bayesian approach. In the search phase the frequentist approach is utilised.

In the frequentist approach, the underlying parameters of a theory are considered to be fixed
and a large number of pseudo-experiments are conducted [189]. In our case, the background
estimate represents our underlying theory, and we generate pseudo-experiments as follows:
for each bin in the background fit, a draw is made from a Poisson distribution with the
parameter of the distribution set to the bin content of the fit. A pseudo-experiment is a full
set of these single bin draws, producing a new spectrum. Each pseudo-experiment represents
an outcome which could be obtained if our theory is true. By comparing the outcome
obtained using data to the relative frequency of the outcome of the pseudo-experiments, the

probability of obtaining the data under the assumption of the theory can be calculated [189].

97
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In the search phase this approach is utilised to obtain the probability that an excess with
greater or equal significance than what we observe in our data could be produced under the
background only hypothesis. In order to calculate the probability, referred to as a p-value,
a test statistic is used. A test statistic is a function of the data used to quantify the level
of agreement between the data and a hypothesis; often it is a single value which increases
with increasing discrepancy [190]. In our case the test statistic is used to identify the region
of the dijet invariant mass spectrum with the largest excess, and to indicate the size of
the excess. The value of the test statistic in data is compared to the distribution of test
statistics obtained using pseudo-experiments generated from the background estimate. This
allows us to calculate the fraction of pseudo-experiments with larger test statistics than we
observed in data, and hence to calculate the p-value. A small p-value indicates a deviation
from the background only hypothesis. Further details about this procedure will be given in

this chapter. A description of the Bayesian approach will be given in Chapter 6.

5.2 Background Estimate

The background distributions for each of the dijet analyses is the result of the underlying
physics processes (mainly QCD), the quark and gluon PDFs, detector resolution effects and
analysis selections. A method for accurately describing this background distribution is vital

to perform the analyses.

Many analyses use Monte Carlo to estimate the background shape; however, in the dijet
analyses considered here this is not practical. Due to the high number of events in the spectra,
a very accurate description of the background is needed, and MC may not model the shape
of the background contribution with sufficient accuracy, due to the difficulty of modelling
QCD processes. Additionally, there are substantial theoretical uncertainties associated with
the use of QCD MC, which would reduce the sensitivity of the analysis. Finally, due to the
high QCD cross-section, a huge number of Monte Carlo events would need to be generated in
order to obtain sufficient statistical precision, which is both costly and time-consuming. Due
to the reasons given, many of the dijet resonance searches performed over the last 27 years

have employed the data-driven approach of using a smooth fit to parametrise the background

[27].

The use of a fit function has been shown to be successful in previous dijet analyses [27];
however, it is crucial that the fit function is chosen with care. Important considerations
include: the form of the function used, the number of free parameters, and the range in

mass over which the fit spans.
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The chosen function must be a smoothly falling monotonic function which is capable of
describing the background shape and the high mass tail, in the case of the high mass dijet
analysis. Historically, functions resembling the following form have been used to describe

dijet invariant mass spectra:

f(z) =pi(1 - x)mxp3+p41n(X)+p5(ln(X))27 (5.1)

where x = % and p; are the fit parameters. Note that the fit parameters can be set to zero in
order to decrease the degrees of freedom of the fit, if they are not needed. The functional form
was originally motivated by the leading order QCD matrix elements, with the introduction of
a dependence on mfj in the functional form used by the UA2 Collaboration in 1991 [27, 67].
The function was further developed through the introduction of a dependence on (1 — %)pi
by the CDF Collaboration in 1995, in order to model the mass dependent behaviour of
parton distribution functions [27, 70]. Since then the functional form has evolved based
on empirical observations, in order to fit more precise data which extends to higher mass
regions. This functional form is utilised in the analyses described in this thesis, and the
fit range and number of parameters are selected in a data-driven way. Before discussing
the approaches used to determine the fit range and the fit function, i.e. the number of free
parameters to be used in Equation (5.1), a description of the impact of the blinding strategy
on the background estimation strategy will be given, followed by a brief description of the

fitting implementation.

5.2.1 Blinding Strategy Impact on the Background Estimation

The un-blinded approach adopted by the analyses in this thesis is beneficial for the back-
ground estimation strategy. By analysing datasets of increasing sizes and fixing our back-
ground estimation procedure prior to data taking, we were able to automatically change the
number of parameters in the background parametrisation, if needed, as the dataset size in-
creased. In previous dijet analyses, it has been observed that more statistically precise data
may require more parameters in the fit in order to accurately describe the background. One
such analysis was the dijet resonance search performed by the ATLAS Collaboration using
Vs = 8 TeV data [87]. In this analysis, the background parametrisation and the correspond-
ing number of parameters was selected in advance. The procedure was tested on the ‘blind’
dataset, i.e. one quarter of the total dataset in this case. The chosen parametrisation could
accurately describe the blind data set; however, when used to describe the full dataset, it was
seen that the chosen parametrisation provided a poor description of the background. It was

also seen that by including an additional parameter, a much better description could have
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been obtained. By allowing our parametrisation to ‘evolve’ with the dataset luminosity this
problem can be avoided. Additionally, for the dijet + ISR analyses, which aim to search as
low in mass as possible, a data-driven approach was used to determine the starting position
for the fit.

5.2.2 Fitting Implementation

In both the high mass dijet analysis and the dijet + ISR analyses, a Maximum Likelihood
Estimator (MLE) fit [191, 192] was utilised. This type of fit was utilised as it can be applied
in regions where there are very few events, e.g. the tail of the high mass spectrum. Other
fit methods, such as the x? fit [193], should not be applied in regions where there are fewer
than ~ 5 events [194].

The likelihood function used is denoted by L(v|Data), where v is the set of fit function
parameters. This is equivalent to the probability of obtaining our spectrum, given the set of
parameters, i.e. P(Data|v) [190]. Since the data in each bin of the dijet spectra are Poisson-
distributed, the likelihood function is defined as the product of the Poisson probability in

each bin:

D; -B;
Be "

E(V|Data):H DI (5.2)

where the product runs over all the bins ¢ in the spectrum, B; is the number of background
events in bin ¢, calculated through integration of the fit function with parameters v. D; is
the number of data events in bin i. By maximising £(v|Data), or equivalently minimising
—In(L(v|Data)) [189], we obtain the best estimate of v. The minimisation approach was
utilised, as it is more convenient when the likelihood needs to be computed over many bins.

MINUIT [195] was used to perform the minimisation.

5.2.3 Selection of Fit Range

A key factor to consider is the range over which the function is applied, as this determines
the region of the mass spectrum in which we can derive a background estimate, and hence,
the region in which we can search. As stated previously, for the high mass dijet analysis
there is a requirement that the dijet invariant mass is 1.1 TeV or above, to avoid any bias
from the trigger efficiency. Therefore, the chosen fit range for this search is from 1.1 TeV to

the highest dijet mass observed in the spectrum.

For the dijet + ISR analyses, the aim is to search as low in mass as possible. The lower
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bound is dictated by where the dijet mass spectrum becomes sculpted by the kinematic
selections. In order to determine how low in mass we can fit, we first need to fix the upper
bound of the fit range. For the dijet 4+ ~ analysis, an upper bound of 1493 GeV was chosen,
as this allows some overlap with the mass range probed by the high mass dijet analysis. For
the dijet + jet analysis, the choice of end point is a bit more complicated. As mentioned in
Section 4.2.2, at higher masses mo3 becomes the ‘wrong combination’ for reconstructing the
resonance. This results in the formation of ‘tails’ around the resonance peak, as illustrated
in Figure 5.1. Therefore, mass points above 550 GeV are not considered, as a sharp signal
peak is no longer produced. An upper bound of 611 GeV was chosen for the fit range. Note
that the values 1493 GeV and 611 GeV correspond to bin edges.
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Figure 5.1: A signal shape comparison for three mass points, 350 GeV, 450 GeV and 550
GeV for the Z' model with g, = 0.3, for (a) the dijet + ~ analysis; and (b) the dijet + jet
analysis. It is seen that for the dijet + jet analysis large tails are produced for higher mass
points due to combinatoric effects; however, this is not the case for the dijet + ~ analysis.

Now that the upper bound of the fit range has been determined, the lower bound can be
chosen by incrementally decreasing the lower bound in steps of 10 GeV and calculating the
x? p-value for each fit. The x? value is used as the test statistic. It quantifies differences
between the data and the fit and increases with increasing discrepancy. The probability of
obtaining a test statistic which is equal to or higher than our observed test statistic, under
the assumption that the null hypothesis is true, i.e. that the m;; spectrum is described by
the fit function, is called the p-value. The p-value is calculated as the fraction of the x?
distribution which has a y? value which is equal to or higher than our observed value. A

small p-value indicates a poor fit to the data.

Figure 5.2 shows the x? p-value versus the lower bound of the three, four and five parameter
fit functions applied to the dijet + ISR spectra. A lower bound of 169 GeV was selected for
the dijet + ~ analysis and a lower bound of 303 was selected for the dijet + jet analysis.

These values correspond to bin edges.
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Figure 5.2: The x? p-value for the three, four and five parameter fits, as a function of the
lower bound of the fit for (a) the dijet + 7 analysis; and (b) the dijet + jet analysis. For
the dijet + ~ anlysis the upper bound of the fit is fixed to 1493 GeV and for the dijet + jet
analysis the upper bound of the fit is fixed to 611 GeV.

5.2.4 Selection of Fit Function

As previously mentioned, since the background estimate is determined by the fit function,
it is absolutely critical that an appropriate function is chosen. If a function with too few
parameters is used then an accurate estimate of the background will not be obtained, and
disagreements between the data and the background estimate could produce spurious signals.
Alternatively, if a function with too many parameters is used then the function may be too

flexible and signals may become incorporated in the background estimate.

The chosen functional form is given in Equation (5.1), and was selected as functions of this
form have been shown to provide satisfactory descriptions of dijet invariant mass spectra from
many dijet analyses since the 1990s (with lower centre-of-mass energies) [27]. Additionally,
studies in Monte Carlo showed that functions of this form were able to describe /s =
13 TeV dijet invariant mass spectra produced using Monte Carlo. However, there is no
guarantee that it will be able to provide a satisfactory description of the /s = 13 TeV dijet

invariant mass spectra from data shown in Chapter 4.

As previously mentioned, a robust strategy was developed in order to allow the fit function

choice to evolve with luminosity. The strategy uses the Wilks’ test [196].
The Wilks’ Test

The Wilks’ test is used to determine if an alternate hypothesis H; provides a significantly
better description of our data than the null hypothesis Hy. In our case, Hy is the background
estimate obtained using a fit with n degrees of freedom, and H; is the background estimate

obtained using n + 1 degrees of freedom. For example, if Hj is obtained using the three
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parameter fit function (setting p, and ps to zero in equation (5.1)), then H; is obtained
using the four parameter fit function (setting ps to zero in equation (5.1)). A comparison
between the hypotheses is made by employing a test statistic based on the likelihood ratio
A of the two hypothesis. The test statistic is defined as:

L(HO\Data)> | 53)

—2In(A) = —2In (W

This is a single number which increases as the maximum likelihood of H; increases with
respect to the maximum likelihood of Hy. In order to quantify the significance of the obtained
value of the test statistic, we need to compare it to the predicted distribution under the
assumption that Hj is true. The predicted distribution is obtained using Wilks’ Theorem
[196], given below:

Wilks™ Theorem: For nested models, under the assumption that Hy is true, as the sample
size approaches oo, the test statistic —2In(A) approaches a x? distribution with number of

degrees of freedom equal to the difference in the number of parameters of the two models.

The p-value can then be obtained in the same way as before, i.e. by calculating the fraction
of the predicted distribution which has a value of the test statistic equal to or greater than
the value we observe. The p-value is then used to decide whether to reject Hy in favour of

Hy, as a small p-value indicates that H; describes the data better than H,.
The Full Procedure

For each increase in dataset size, the choice of fit function proceeds as follows:

1. Before performing the Wilks’ test, the data is checked for significant deviations. The
baseline 3 parameter function is fit to the data, and the BUMPHUNTER p-value is
calculated. If the calculated p-value is < 0.01, indicating there is a local excess, then
a window spanning the excess is removed. The BUMPHUNTER p-value and window
removal procedure are described in Section 5.3.2. The Wilks’ test is then performed

using the remaining bins.

2. If the p-value from the Wilks’ test is < 0.05, indicating an unsatisfactory fit, the next
highest order function is chosen as the baseline and the procedure is repeated until a

satisfactory fit function is chosen.

The evolution of the Wilks’ p-value with increasing luminosity is shown in Figure 5.3 for
the high mass dijet analysis. The blue curve shows the Wilks’ p-value calculated with the

3 parameter fit function as the null hypothesis and the 4 parameter fit function as the
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alternative hypothesis. Since the blue curve stays above the 0.05 threshold, indicated by
the dashed line, for all dataset sizes, and the final Wilks’ p-value for the full dataset is 0.77.

This shows that the 3 parameter function is sufficient for this analysis.

The same procedure is used for the dijet + ISR analyses, and the corresponding Wilks’ p-
value plots are shown in Figure 5.4. From these plots it is seen that the 4 parameter function
is sufficient for the dijet 4+ 7 analysis, and the 3 parameter function is sufficient for the dijet

+ jet analysis.
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Figure 5.3: The evolution of the Wilks’ p-value with luminosity for the full 3.6 fb~! dataset
used in the high mass dijet analysis. The blue curve compares the 3 parameter fit function
to the alternate 4 parameter function, showing that the 3 parameter function is sufficient.
This figure is adapted from [175].
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Figure 5.4: The evolution of the Wilks’ p-value with luminosity for the full 15.5 fb~! dataset,
for (a) the dijet + v analysis, and (b) the dijet + jet analysis. The blue curve compares the
3 parameter fit function to the alternate 4 parameter function, and the red curve compares
the 4 parameter fit function to the alternate 5 parameter function.
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5.3 Assessing Significance

In addition to deriving a background estimate for each analysis, a method for comparing
the obtained background estimate and the data is needed in order to search for excesses
in the spectra. The significance of the largest excess observed in the spectra must then be
quantified. The test statistic must be chosen with care, such that it is appropriate for our
needs. The x? test statistic, which we introduced earlier, is unsuitable to find the exact
location of the largest excess and to quantify its significance. This test statistic utilises bin-
by-bin quantities in order to quantify the level of agreement, without taking into account
the relative positions of the excesses. As we are interested in searching for excesses across
neighbouring bins, we would like to utilise a test statistic which takes into account the

position of excesses with respect to one another.

A suitable test statistic to use is provided by the BUMPHUNTER algorithm [5], described in
Section 5.3.1. The full search procedure is described in Section 5.3.2, and a description of

how we can visually display the excesses and deficits in the spectra is given in Section 5.3.3.

5.3.1 The BUMPHUNTER Algorithm

The BUMPHUNTER algorithm scans the distribution looking for excesses and deficits in all
sets of neighbouring bins, referred to as windows. Window widths ranging from two bins
wide to windows utilising half the bins in the spectrum are considered in the search. For each
window, a local p-value is calculated using the Poisson probability of obtaining an excess or

deficit larger than the observed excess or deficit. The local p-value is defined as

oo

B for D> B

n!

n=D
p-value = (5.4)

D n,—B
S B frD<B
n=0

n!

where D is the total number of data events in the window, and B is the total number of
background events in the window. This probability can be calculated analytically, with-
out the need for pseudo-experiments, making the calculation of the local p-value quick, as

described in [5].

An example plot showing the local p-value for each window is shown in Figure 5.5. The
plot was produced by applying BUMPHUNTER to a dijet mass distribution generated using
PyTHIA truth level dijet Monte Carlo with no BSM signal added. The MC distribution

used here is data-like, i.e. it has an equivalent statistical accuracy as data with the same
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luminosity. A description of the production of data-like spectra will be given in Section 5.4.
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Figure 5.5: Each red line indicates a window considered in the search. The horizontal position
of the line and the length of the line indicate the position and width of the window in mass,
respectively. The vertical position of the line indicates the local p-value for the window. In
order to obtain this plot the BUMPHUNTER algorithm was applied to a data-like dijet mass
spectrum generated using Monte Carlo.

The test statistic ¢ utilised by the BUMPHUNTER algorithm is defined as

(5.5)

t = —log(p-value,, ),
where p-value,;, is the smallest local p-value for any window considered in the search. This
test statistic is used to calculate the global p-value for the most discrepant window in the
spectrum. In contrast to the local p-value, which considers the probability of an excess arising
at a specific position in the spectrum, the global p-value accounts for the fact that we are
searching for an excess at any position in the mass spectrum, increasing the probability of

observing an excess; this is the basic idea behind the look-elsewhere effect [190].

The global p-value is used to decide whether to reject the background only hypothesis,
rather than the value of the local p-value. The global p-value is calculated by comparing
the observed t to the distribution of ¢ obtained using 10,000 pseudo-experiments generated
from the background estimate, as illustrated in Figure 5.6. The global p-value calculated
using BUMPHUNTER accounts for the look-elsewhere effect since ¢, given in Equation (5.5),
considers every window in the search. Hence, we are calculating the probability that, in
the background only case, there is an excess at any position in the spectrum at least as

significant as the one observed in data [197].
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Figure 5.6: The distribution of BUMPHUNTER test statistics from pseudo-experiments is
shown in blue, and the observed value of the BUMPHUNTER test statistic in data-like MC
is shown with the red arrow. The global p-value is derived by calculating the fraction of
pseudo-experiments with a BUMPHUNTER test statistic greater than the observed value of
the BUMPHUNTER test statistic.

5.3.2 The Full Search Procedure

A description of the method for choosing the fit range and parametrisation has been pro-
vided, as well as a description of the method for identifying excesses and quantifying their
significance. Additionally, we must ensure that any significant excess in the spectrum does
not distort the background estimate, which could affect the calculation of the significance
of the excess. In these analyses, a significant excess is defined as having a p-value < 0.01,
indicating that there is less than 1% chance this fluctuation could have occurred through
statistical fluctuations of the background alone [198]. The full search procedure addresses the
calculation of the background estimate in the presence of a significant signal, and proceeds

as follows:
1. Fit the spectrum to obtain the background estimate.

2. Calculate BUMPHUNTER p-value using 10,000 pseudo-experiments.

3. If BUMPHUNTER p-value > 0.01, procedure stops. There are no significant excesses

present, proceed to limit setting.

4. If BUMPHUNTER p-value < 0.01, a window is excluded in the calculation of the back-
ground estimate. Obtain initial exclusion window identified by BUMPHUNTER , i.e.
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the window with smallest local p-value. Note that if the window is at the start of the

fit range then the window with the second smallest local p-value is used instead.

5. Re-fit the spectrum with the window masked in the fit. Calculate the BUMPHUNTER p-
value for the remaining spectrum. If the BUMPHUNTER p-value for the remaining
spectrum is still < 0.01:

- Obtain window with smallest local p-value in the remaining spectrum.

- If this window is adjacent to the masked window, then mask one extra bin on the side
of the remaining excess. Otherwise, mask one extra bin on both sides of the masked
window.

- Repeat this step until the BUMPHUNTER p-value > 0.01, or the background estimate
cannot be improved further, i.e. the masked region is > half the spectrum, or it is less

than 2 bins away from the start or end of the spectrum.

6. One additional bin is masked at the low mass side of the masked region. This decision
was made based on studies using MC signals, which showed that this improves the fit
by removing any residual bias from the signal. The spectrum is re-fit with the final

masked region.

7. The background estimate has now been computed and BUMPHUNTER is run on the full
spectrum to obtain the final BUMPHUNTER p-value. Note that the BUMPHUNTER p-

value does not take into account systematic uncertainties.

5.3.3 Bin-by-bin Significances

In addition to quantifying the significance of the largest excess using the BUMPHUNTER p-
value, it is useful to display the bin-by-bin significances of differences between the data and
the background estimate. In order to display these differences, the significance in standard
deviations is used, following the proposal described in detail in [199]. In order to calculate
the significance of deviations, the Poisson p-value defined in Equation (5.4) is used; however,

D and B are calculated for each bin, rather than in a window.

As the p-value can span many orders of magnitude, it is convenient to use it to calculate
a z-value. A z-value is the equivalent significance of the p-value, expressed as a standard
deviation on the right hand side of a Gaussian distribution. The equation for the translation

between the two is given by

> 1 o2
p—value:/ 1 \/%e_de. (5.6)
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Only deviations with positive z-values, corresponding to p-values < 0.5, are considered, as
other deviations would be extremely minor and would complicate the procedure for dis-
playing the significances, as explained in [199]. The displayed z-values are assigned a sign,
whereby excesses in the data are displayed as positive z-values, and deficits in the data are
displayed as negative z-values. Larger magnitude z-values, e.g. > 30, indicate a significant

discrepancy between the data and the background estimate.

An example plot showing the results of the application of the full search procedure and
the bin-by-bin significances panel is given in Figure 5.7. In the top panel, the black points
show the data-like m;; distribution generated using Monte Carlo, the background estimate
is shown by the red curve, and the blue vertical lines indicate the window with the largest
significance found using BUMPHUNTER. The lower panel shows the bin-by-bin significances

for this distribution.
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Figure 5.7: In this plot the data-like MC dijet invariant mass spectrum is shown by the
black points. The background estimate is shown by the red curve, and the blue vertical
lines indicate the window with the largest significance. The lower panel shows the bin-by-
bin significances of excesses and deficits in the data-like spectrum, measured in standard
deviations.

5.4  Method Validation

In order to validate the methods used to estimate the background and to perform the search,
many tests were performed using Monte Carlo. In Section 5.4.1, we apply the search pro-
cedure to data-like MC spectra to ensure that we are able to accurately describe the back-
ground. In Section 5.4.2, the search procedure is applied to data-like MC background spectra

combined with a signal to ensure that we are able to correctly identify significant signals,
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and that the background estimate is robust in the presence of signals. In Section 5.4.3, the
test performed to check for the introduction of spurious signals is described. Note that in
this section Monte Carlo scaled to the luminosity of the full dataset is used; however, prior

to performing the search procedure on data, tests were conducted using smaller datasets.

5.4.1 Applying the Search Procedure to Monte Carlo

By using MC to produce a spectrum which closely resembles the spectrum obtained using
data, referred to as a data-like spectrum, we can apply the search procedure to this spectrum

to ensure that we obtain reliable results and are able to accurately describe the background.
Generating Data-like Spectra

Monte Carlo events are generated such that an event level weight needs to be applied in
order to produce distributions with a meaningful shape, the distributions are then weighted
overall or in slices, in order to obtain the correct normalisation. However, the data in
each bin of the m;; spectrum contains events with unit weight and a statistical uncertainty
equal to the square root of the total number of events in the bin. Our goal is to obtain
spectra produced using MC with the same characteristics as data, i.e. data-like spectra

which correctly replicate the statistical uncertainty expected when using data.

The method given in [200] is utilised to produce the spectra, and a description of this method
is provided here. The basic idea is that we select a fraction of our total MC events, so we
have a MC sample containing the same number of events as we expect in data for our chosen
luminosity. We then assign unit weight to each of the events in our MC sample. A precise

description of the method will now be given.

For each bin in the m;; spectrum:

1. The condition Negective > Nweighted 1S checked, where Nyeightea is the number of weighted

. . . . Yweights)?
MC events, and Negective 1S the effective number of entries, given by Negective = %

bin error

, 2
= (w) . Note that if Negective Was calculated for data rather than MC, then
Nefrective Would be equal to the number of data events, as the bin error would be equal

to the square root of the bin content.

2. If the condition is satisfied then there is sufficient MC events to apply the data-like

chightcd

~ is calculated.
effective

method and the ratio r =

3. For each MC event in the bin, a random number drawn from a flat distribution between
0 and 1 is assigned. If the random number is less than r then the event is kept and

assigned unit weight, otherwise it is rejected.
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Each bin in the m;; spectrum has its own unique seed for the random number generator.
By utilising the same bin-dependent seed when producing data-like spectra corresponding
to different luminosities, the process of data collection is simulated, i.e. the events in lower
luminosity spectra are a sub-set of the events in the higher luminosity spectra, like in data.
This feature is important in tests of the fitting procedure; for example, the Wilks’ test,
which only makes sense if data is added to lower luminosity spectra to produce the higher

luminosity spectra, rather than each spectrum being independent.
Results from Applying the Search Procedure to Monte Carlo

Data-like MC spectra generated using this method were used to test the search procedure for
each analysis. For the high mass dijet analysis and the dijet + jet analysis the PYTHIA truth
level MC sample was used to generate the spectra as it has significantly more events than the
reconstructed level MC sample, allowing us to produce data-like spectra corresponding to
the data luminosity. For the dijet + v analysis, the reconstructed level SHERPA MC sample

had sufficient events to produce a data-like spectrum corresponding to the data luminosity.

Examples of testing the search procedure for the high mass dijet analysis using a data-like
spectrum corresponding to 3.6 fb~! were shown in Figures 5.5, 5.6 and 5.7. A global p-value
of 0.55 was obtained, correctly indicating that there is no significant excess in the spectrum.
The goodness of fit indicated by the x? p-value was calculated to be 0.85, showing that the
fit is of good quality. For the dijet + ISR analyses, the search procedure was applied to
data-like MC spectra corresponding to 15.5 fb™!, and the results are shown in Figure 5.8.
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Figure 5.8: These plots show the results of applying the search procedure to a data-like MC
dijet invariant mass spectrum corresponding to 15.5 fb~! for (a) the dijet + v analysis, and
(b) the dijet + jet analysis.
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For the dijet + v analysis, a global p-value of 0.89 was obtained, and for the dijet + jet
analysis, a global p-value of 0.25 was obtained In both cases this indicates that no significant
excess was observed, as expected. In both cases the quality of the fits were good, as indicated

by a x? p-value of 0.92 for the dijet + ~ analysis and 0.34 for the dijet + jet analysis.

5.4.2 Identifying Signals

For the high mass dijet analysis, the 3.6 fb~! data-like MC spectrum was combined with
3.6 fb~! data-like MC signal spectra, in order to simulate a data spectrum which contains a
signal, allowing us to test the search procedure in the presence of a signal. Figure 5.9(a) shows
the result of applying the search phase to a combined signal (4 TeV q*) plus background
spectrum; the window excluded in order to determine the background estimation is indicated
by the green dashed lines, and the most significant region identified by BUMPHUNTER is
indicated by the blue lines. The most significant region spans 4 TeV, the mass of the
injected signal, and the global p-value for the selected bump is 0.0002, corresponding to 3.50
significance. This indicates that the search procedure was able to successfully identify the

signal at the correct mass.
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Figure 5.9: These plots show the signal injection results for the high mass dijet analysis.
Figure (a) shows the combined data-like spectrum containing QCD and a 4 TeV g* signal in
the black points. The background estimate is shown by the red curve, the green dashed lines
indicate the window excluded in background estimate, and the blue vertical lines indicate
the window with the largest significance. Figure (b) shows the ratio between the data-like
spectra with and without a signal present. The black points include a window exclusion in
the determination of the background estimate, and the green points do not.
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Figure 5.9(b) shows the ratio between the background estimate obtained using the combined
spectrum, and the background estimate obtained using the spectrum with no signal. The
black points indicate the ratio with the window exclusion applied. Differences are expected
between the two estimates, due to the window removal excluding bins used in the fitting
procedure, resulting in a loss of information available to the fit. The ratio shows that at low
masses the agreement between the two estimates is very good, and they only start to deviate
as we reach the high mass tail region. For contrast, the ratio without the application of the
window exclusion is shown in the green points. This indicates that the window exclusion is
working well, as it is reducing the impact of the signal on the background estimate. Note
that this is an additional test which has been performed since the search procedure was

applied to data.

The same tests were conducted for the dijet + ISR analyses. Note that there were insufficient
MC events to produce data-like signals corresponding to the data luminosity, so scaled MC
signal templates were used instead, with their statistical uncertainty set equal to the square
root of the total number of events in the bin. Figures 5.10(a) and 5.10(b) show the results
for the combined signal (200 GeV Z’ with g, = 0.3) plus background sample, for the dijet +
~ analysis. Figures 5.11(a) and 5.11(b) show the results for the combined signal (550 GeV
Z'" with g, = 0.3) plus background sample, for the dijet + jet analysis. In each case the most
significant region selected by BUMPHUNTER corresponds to the injected signal mass. The
global BUMPHUNTER p-value in each case is 0.0031 (2.70) and 0.0251 (1.960), for the dijet
+ v analysis and the dijet + jet analysis, respectively. Figure 5.10(a) also illustrates that
the search procedure is able to identify signals which occur close to the start of the fit range,

and Figure 5.11(a) illustrates that signals which occur close to the end of the fit range can

be identified.

In Figures 5.10(b) and 5.11(b) the black points show the ratio between the background
estimate obtained using the combined spectrum and the background estimate obtained using
the spectrum with no signal. For the dijet + v analysis, the ratio is close to one, indicating
that the window exclusion is working well. The additional ratio without the application of
the window exclusion is not shown because the fit could not converge without the application
of the window exclusion, emphasising the importance of the window exclusion. For the dijet
+ jet analysis, a window exclusion was not applied as the global p-value was below the
threshold for applying a window exclusion. The ratio shows that in the presence of this
small excess the ratio remained close to one. Note that this is an additional test which has

been performed since the search procedure was applied to data.
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Figure 5.10: These plots show the signal injection results for the dijet + 7 analysis, using a
combined data-like spectrum containing QCD and a 200 GeV Z’ signal with ¢, = 0.3.
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Figure 5.11: These plots show the signal injection results for the dijet + jet analysis, using
a combined data-like spectrum containing QCD and a 550 GeV Z’ signal with g, = 0.3.

5.4.3 Spurious Signal Check

The background estimation procedure is tested for the introduction of spurious signals,

i.e. excesses of events above the background estimate which are introduced by the fitting

procedure and could be mistaken for signal. In order to investigate the size of spurious
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signals, MC spectra are scaled to the data luminosity and the uncertainties in each bin are
set to \/_IN The background estimation procedure is then applied. Note that the same fit
function range and number of parameters that were chosen for the background estimate in
data were used for the spurious signal test for each analysis, with the exception of the dijet
+ jet analysis which utilised the four parameter fit function due to the results of the Wilks’

test obtained when using MC.

The search procedure was performed on the MC scaled to the data luminosity. For each
of the analyses, the BUMPHUNTER p-value was found to be above 0.9, indicating that no

significant bumps were introduced by the background estimation procedure.

5.5  Search Results

The full search phase procedure, outlined in Section 5.3.2, was performed using the full
dataset for each analysis. The goodness of fit for the fits to the data indicated by the 2
p-value was calculated to be 0.93 for the high mass dijet analysis, 0.58 for the dijet + ~
analysis and 0.90 for the dijet + jet analysis, indicating that good quality fits were obtained.
The results of the search are shown in Figure 5.12, where the data points are indicated by the
black points, the background estimate is shown by the red curve, and the blue vertical lines
indicate the window with the largest significance found using BUMPHUNTER. MC signals
Z" (¢4 = 0.3) with their cross-sections scaled by 100 in the high mass dijet analysis, and
50 in the dijet + ISR analyses, are overlaid with open circles. The lower panel shows the

bin-by-bin significances for these distributions.

The window with the highest significance and the corresponding BUMPHUNTER global p-
value attained by each search are given in Table 5.1. These global p-values demonstrate that

there is no evidence for localised excesses due to BSM phenomena being present in the mass

spectra.
Analysis Bump range [GeV] Global p-value
High mass dijet 1533 - 1614 0.67
Dijet + 861 - 917 0.67
Dijet + jet 482 - 523 0.60

Table 5.1: Table showing the bump range and global p-value for each search.

The plot of the local p-values for each mass window considered in the search is shown in
Appendix D for each analysis. The distribution of the BUMPHUNTER test statistic from
applying the same procedure to pseudo-experiments, together with the observed value from

data, is also shown in Appendix D for each analysis.
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Figure 5.12: The results of performing the search phase on the full dataset are shown for (a)
the high mass dijet analysis, (b) the dijet + v analysis, (c) the dijet + jet analysis. The top
panel shows the data in black, the background estimate in red, the most discrepant region
selected by BUMPHUNTER by the vertical blue lines, and Z’ MC signals (g, = 0.3) with
their cross-sections scaled by 100, 50 and 50, respectively, are overlaid with open circles.
The lower panel shows the bin-by-bin significances.



Chapter 6

Limit Setting

The search results obtained in Chapter 5 indicated that there is no evidence for local excesses
due to BSM phenomena in the mass spectra. The analyses proceed by using the data to
derive limits on physical quantities for theoretical models of new physics. This enables us to
quantify the phase space excluded by the analyses, allowing us to measure our progress and

to compare our results with other experiments.

A theoretical introduction to limit setting is given in Section 6.1. A description of the
systematic uncertainties considered in the limit setting for each of the analyses, and how
they are incorporated, is given in Section 6.2. Section 6.3 describes how the limit setting
is implemented for the analyses described in this thesis. In Section 6.4 and Section 6.5 the
results of the limit setting are presented for benchmark models and for model-independent
Gaussian shapes, respectively. Section 6.6 shows the impact of the analyses on the phase
space for the Z’ dark matter mediator model, and the exclusions achieved are compared to

existing results from ATLAS and from other experiments.

6.1 Limit Setting Theoretical Background

As described in Chapter 5, the frequentist approach to probability treats the underlying
parameters of a theory to be fixed, and the probability of obtaining the data under the
assumption of the theory is calculated. In the Bayesian approach, the data are considered
to be fixed, and a probability is assigned to the parameters of the theory [201]. A Bayesian
approach was used to calculate the limits for the analyses in this thesis. Given the data, we
assign probabilities to the number of signal events which could be present in our data, for
several signal masses for each model of new physics. This allows us to obtain the maximum
number of signal events which have not been excluded by the data. The condition for

exclusion is based on a probability threshold, as explained in Section 6.1.2. By dividing
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the upper limit on the number of signal events by the luminosity of the dataset, we obtain
the upper limit on the production cross-section of the signal o, multiplied by the signal
acceptance A, multiplied by the branching ratio to dijets BR, referred to as the observed
upper limit. Note that the acceptance is defined as the fraction of events passing the analysis
selection with respect to the total number of events. By comparing the observed upper limit
to the theoretical production cross-section ¢ x A x BR for the new physics model, ranges
in signal mass can be excluded, corresponding to regions in which the observed limit is
below the theoretical prediction. The probabilities utilised in the limit setting are calculated
according to Bayes’ Theorem [202]. A summary of the Theorem and its implications will be

given here, for a detailed description see [4, 6, 190].

6.1.1 Bayes’ Theorem

Bayes’ theorem enables us to calculate the conditional probability of event A occurring, given
that event B has occurred P(A|B), and is given by

P(B]A)P(A)

P(AIB) = =1

, (6.1)

where P(B|A) is the conditional probability of event B occurring, given that event A has
occurred, P(A) is the probability of event A occurring, and P(B) is the probability of event
B occurring. If we consider events where the outcomes are continuous rather than discrete,
an equivalent form of Bayes’ theorem exists with probabilities replaced by probability density

functions, denoted by lower case p.

In the limit setting, we would like to obtain the probability density function for the pa-
rameters of our hypothesis, given the data. For each signal mass and new physics model,
our hypothesis is the combination of the background estimate, and the Monte Carlo signal
my;; distribution (signal template). The background estimate is now obtained by perform-
ing a fit to the data distribution using the same function which was utilised in the search
phase, combined with the signal template with floating signal normalisation, i.e. a signal
plus background fit, to ensure that the background estimate does not incorporate the signal.
An example of a hypothesis (background estimate plus signal template) is shown in Figure

6.1, for a 5 TeV excited quark in the high mass dijet analysis.
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Figure 6.1: This figure shows an example of a hypothesis in the high mass dijet analysis.
The hypothesis consists of the background estimate, plus the signal template for a 5 TeV
excited quark. This hypothesis is a function of several parameters, which can alter the shape
and normalisation of the background estimate and the signal template, therefore altering the
overall hypothesis.

The hypothesis is a function of several parameters. One of these parameters is the normali-
sation of the signal template v, which is equivalent to the number of signal events; this is our
parameter of interest. In addition to the parameter of interest, there are other parameters,
referred to as nuisance parameters @, which must be taken into account. In the analyses
in this thesis, the nuisance parameters represent sources of systematic uncertainty on the
hypothesis, and they can alter the shape and normalisation of the signal template and the
background estimate, altering our hypothesis. Examples of nuisance parameters include the
statistical uncertainty on the background estimate, and the jet energy scale uncertainty. A

description of all of the systematic uncertainties will be given in Section 6.2.

By utilising Bayes’ theorem, given in Equation (6.1), we can calculate the probability density
function (p.d.f) for our hypothesis parameters (v, ), given the data. This p.d.f is referred to
as the posterior, as it reflects our knowledge about the hypothesis parameters after analysing

the data, and is given by the following equation:

L(v,0|Data)m(v, 0)
p(Data)

p(v, @|Data) = (6.2)

The likelihood of the hypothesis parameters, given the data, is denoted by L(v, 8|Data),
and is equivalent to p(Data|v, @). This means that we calculate the probability of obtaining
our data for a given set of hypothesis parameters v and 6 [203]. Further details about the
likelihood will be given in Section 6.3. The prior probability density for the hypothesis
parameters is denoted by 7(v, ). This is equivalent to 7(v) [ [, 7(6;), as the parameter of

interest v, and each of the nuisance parameters 6;, are independent from one another. The
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prior probability density for the signal normalisation 7 (v), and the prior probability densities
for the nuisance parameters 7(6;) reflect our knowledge or belief about these parameters prior
to analysing the data. For example, we might believe that there are zero signal events in our
data, and hence, we might choose the signal normalisation prior 7(v) to peak at zero and to
fall off with increasing v. Alternatively, we might choose to express a lack of knowledge, and
choose a flat prior which doesn’t change with v. The priors are selected by the analyser, and
the choices for 7(v) and 7(6;) will be described in Section 6.1.3, and Section 6.2, respectively.
The probability density for obtaining the data is denoted by p(Data), and is equivalent to
the integral of the numerator with respect to v and 6;. Hence, p(Data) ensures that the
posterior p(v, @|Data) is normalised to unity. The overall normalisation of the posterior does
not affect the obtained upper limit, and therefore, this factor can be dropped in the limit

setting.

In the limit setting, we are ultimately interested in obtaining the marginalised posterior
p(v|Data) which is the p.d.f. for the number of signal events, given the data. In order to
obtain p(v|Data), it is necessary to integrate the posterior p(v, @|Data), given by Equation

(6.2), over the nuisance parameters 6, i.e.,

p(v|Data) = /p(u,9|Data)d0. (6.3)

This multi-dimensional integral over the nuisance parameters is referred to as marginalisa-
tion. Details about the techniques used to perform the marginalisation will be given in Sec-
tion 6.3. By substituting Equation (6.2) into Equation (6.3) utilising w(v, ) = =(v) [ [, 7(6;),

and dropping the normalisation factor p(Data), we obtain the following form of Bayes’ equa-

tion:

p(v|Data) / L (v, 8|Data)r(v) H 7(6;)de. (6.4)

This final form of Bayes’ equation is utilised in the limit setting. Equation (6.4) can be
interpreted as follows: the prior knowledge or belief of the analyser, encoded in the priors
7(v) and 7(6;), is updated by the outcome of the experiment, encoded in the likelihood
L(v,0|Data), in order to obtain the marginalised posterior p(v|Data). This is illustrated
pictorally in Figure 6.2, neglecting the presence of nuisance parameters for simplicity. The
signal prior 7(v), shown in red, has been chosen to favour a non-zero number of signal events
v. However, the likelihood, shown in blue, indicates that the data favours zero signal events.
The posterior, shown in black, is influenced by both the prior and the likelihood. Figure
6.2(a) shows the scenario for a smaller sample of data, and Figure 6.2(b) shows the scenario
for a larger sample of data. As data is added, the likelihood function becomes more dominant

and the posterior becomes more similar to the likelihood function.
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Figure 6.2: This diagram illustrates the relationship between the prior, the likelihood and
the posterior. The prior for the signal normalisation 7(v) is shown in red, the likelihood
L(v|Data) is shown in blue, and the posterior p(v|Data) is shown in black. Nuisance param-
eters have been neglected in this example for simplicity. Figure (a) shows the outcome for a
smaller data sample, and Figure (b) shows the outcome for a larger data sample. Illustrating
that for large data samples the likelihood can influence the posterior distribution more. This
figure is based on [204].

6.1.2 Upper Limit

By integrating the marginalised posterior distribution p(r|Data) across a given region, e.g.
v =0 to v = 10, we obtain the probability that the true value of v lies in this region [190].
A common choice made in particle physics is to define the upper limit v,pper as the value
below which 95% of the marginalised posterior lies, referred to as the 95% credibility level
(C.L.) [190]. This is expressed mathematically by the equation

0.95 :/ p(v|Data)dv, (6.5)
where p(v|Data) is given by Equation (6.4). This means that we are 95% sure that the

number of signal events that could be present in our data are equal to vypper OF fewer.

6.1.3 Choice of Signal Prior

As previously mentioned, the prior for the hypothesis reflects the belief of the analyser, prior
to analysing the data. The choice of priors for the nuisance parameters will be addressed
in Section 6.2. In this section we discuss the prior for the parameter of interest m(v). The
prior is selected by the analyser, and it can be more or less informative. For example, the

prior could be the posterior distribution from a previous experiment, or be based on the
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prior knowledge or belief of the analyser, making it informative [205]. Alternatively, an
uninformative prior can be used to reflect ignorance about the value of the parameter, such

that the prior has minimal influence on the obtained posterior.

An uninformative uniform prior was chosen for the analyses presented in this thesis. This is a
simple and natural choice for the signal prior, and is consistent with previous dijet analyses,
simplifying the comparison of results. Additionally, by minimising the influence that the
prior has on the obtained posterior, we avoid introducing a large bias from the selection of
an inappropriate informative prior [206]. Instead, we place our emphasis on the likelihood,

which is determined using the data.

In order to be able to normalise 7(r) and to ensure that most of the distribution is not
at infinity, a cut-off is defined for m(v) [205]. This cut-off is set to a very large, but finite
number of signal events v,.,, which is defined as the v value corresponding to the position
where the likelihood is a factor of 10° times smaller than its maximum value. The chosen
prior is uniform and equal to KZX in the range [0, max] and is set to zero elsewhere, ensuring

that, for example, negative numbers of signal events are not permitted.

6.2 Systematic Uncertainties

As previously mentioned, the nuisance parameters in the analyses described in this thesis
correspond to sources of systematic uncertainty. The impact of the systematic uncertainties
is accounted for by allowing the signal template and the background estimate to vary within
their systematic uncertainties, altering the shape and normalisation of the hypothesis (the
combination of the signal template and the background estimate). Alternatively, one could
have chosen to apply the systematic uncertainties to the data, since we are making a com-
parison between the hypothesis and the data; however, for simplicity it was chosen to apply

the systematics to the hypothesis.

The usual prior distribution selected to represent systematic uncertainties is the Gaussian
prior. This prior gives decreased probability as we move further away from the nominal value,
out to larger uncertainty values. All of the systematic uncertainties considered in the analyses
described in this thesis utilise a Gaussian prior with a parameter range of € {—30, 430},
with the exception of the function choice uncertainty, which uses a Gaussian prior with a
parameter range of § € {0o,+1c}. Each of the systematic uncertainties will be defined in
this section. The systematic uncertainties considered fall into two categories: uncertainties
on the background estimate, which are described in Section 6.2.1, and uncertainties on the

signal templates, which are described in Section 6.2.2.
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6.2.1 Uncertainties on the Background Estimate

As previously mentioned, the background estimate in the limit setting is determined by
performing a signal plus background fit to the data. For consistency, a signal plus background
fit is utilised throughout the limit setting in the determination of the uncertainties associated

with the background estimate. The uncertainties considered are as follows:

e Statistical uncertainty on the fit: An uncertainty on the best fit parameter values,

due to the statistical uncertainty on the data.

e Function choice: An uncertainty on the choice of parametrisation.

The statistical uncertainty on the fit is given by the 1o confidence interval in which the
best fit parameter values would lie in 68% of repeated experiments [194]. In principle, this
interval can be calculated using the covariance matrix for the fitted parameters; however,
if the parameters of the fit are strongly correlated or there is a bound on a parameter of
the fit, then the covariance matrix calculated by MINUIT can be unreliable [207]. To avoid
these problems, the uncertainty was determined using pseudo-experiments. The best fit
was found for 100 pseudo-experiments generated from the nominal fit to the data. The
standard deviation of the function value for all the pseudo-experiments in each m;; bin was
calculated, and this defines the +1¢ statistical uncertainty on the fit. In order to obtain the
+30 statistical uncertainty, for example, the +10 uncertainty band is scaled up by a factor
of 3.

The function choice uncertainty is determined by fitting the data with the nominal fit func-
tion and an alternative fit function with an additional degree of freedom. In each m;; bin,
the difference between these fits is scaled to the root mean square of the difference between
nominal and alternate fits to 100 pseudo-experiments generated from the data itself. This
defines the +1¢ function choice uncertainty. A Gaussian prior with a parameter range of
0 € {00,410} was chosen for the function choice uncertainty, where 0o corresponds to the
nominal fit function, and 410 corresponds to the function choice uncertainty defined above.
For values in between 0o and +10, the difference between the function choice uncertainty
and the nominal fit is scaled to the desired uncertainty, and the resulting distribution is then

added to the nominal function.

Figure 6.3 shows the nominal fit to the data, the =10 statistical uncertainty on the fit, and
the +10 function choice uncertainty for the high mass dijet analysis, the dijet + ~ analysis,
and the dijet 4+ jet analysis. Note that for these figures a signal template was not utilised

in the fit, in order to give an overview for all signal masses and models.
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Figure 6.3: The nominal fit to the data is shown in red, together with the statistical uncer-
tainty on the fit, and the function choice uncertainty, shown by the blue dashed and dotted
lines, respectively, for (a) the high mass dijet analysis, (b) the dijet 4+ ~ analysis, and (c)
the dijet + jet analysis.

6.2.2 Uncertainties on the Signal

Several sources of systematic uncertainty are considered for the signal templates. The un-
certainties have different effects on the signal template, for example, they can change their
shape, or alter their normalisation. The sources of uncertainty and their impact on the signal

templates is described below.
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Jet Energy Scale and Resolution

As described in Section 3.2.6, there are more than 70 nuisance parameters associated with
the jet energy scale calibration. The JetEtmiss performance group combines them to produce
four strongly-reduced sets, with each set containing four nuisance parameters (three nuisance
parameters for the high mass dijet analysis). In order to utilise a strongly reduced set, instead
of the full set of nuisance parameters, each of the four sets must be tested, and the difference
in the results obtained when using each set must be negligible. The impact was shown to
be negligible for each of the analyses described in this thesis, and hence, one of the strongly

reduced sets was used as the jet energy scale uncertainty.

The jet energy scale uncertainty affects the shape of the signal templates, as jets can be
shifted in mass. It can also affect the acceptance for the signals. For each nuisance parameter
in the set, signal templates are produced using jets shifted up and down by a given standard
deviation o. Templates are produced in steps of 0.5¢ in the range {—3c, +30}. For parameter
values between two signal templates, the impact of the systematic is calculated by linearly
scaling the difference in bin content between the two neighbouring templates to the desired
o value. For example, in order to obtain the template corresponding to a shift of +1.25¢ for
each bin, the difference between the +10 and +1.50 template is calculated and scaled by the
shift in o divided by the template separation in o, i.e. 0.25/0.5; the bin-by-bin values are
then added to the +1o0 template. By producing templates in steps of 0.50 the range over

which we must assume linear behaviour is reduced.

The same template method is also used for the jet energy scale uncertainty when setting lim-
its on model-independent Gaussian shapes, rather than benchmark models. However, since
the Gaussian signals are not produced using Monte Carlo, but are just simple Gaussian
shapes, we must approximate the effect of the jet energy scale uncertainty on the templates.
In order to do this, the relative difference between the peak position for a nominal bench-
mark signal sample and a benchmark signal sample with the jet energy scale uncertainty
applied (£3c0 for the high mass dijet analysis and +1o0 for the dijet + ISR analyses). The
value obtained is used to shift the Gaussian template in mass. For the high mass dijet
analysis the q* signal was used, and for the dijet + ISR analyses the Z’ signal with g,
= 0.3 was used. For the high mass dijet analysis the peak position was estimated using
the mean, and the dominant jet energy scale nuisance parameter was used to calculate the
uncertainty. This resulted in mass dependent shifts of up to 9% at high mass. For the
dijet + ISR analyses, the peak position was estimated by fitting the signal templates with
a Crystal ball function [208], and the quadrature sum of each of the nuisance parameters

was used for the uncertainty. This resulted in a flat shift of ~ 2% for the dijet + ISR analyses.
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The jet energy resolution uncertainty was described in Section 3.2. Now we must assess
the impact of this uncertainty. In order to do this, the energy of each of the jets in our
signal template is scaled by a smearing factor. The smearing factor for each individual jet
is calculated by drawing a number from a Gaussian with width equal to the 1o jet energy
resolution uncertainty [209]. The relative difference in acceptance between the template with
the JER uncertainty applied and the nominal template is then calculated in a + 50 GeV
signal window around the nominal signal mass. This resulted in a flat 2% uncertainty on
acceptance for the dijet + 7 analysis and a flat 1% uncertainty on acceptance for the dijet
+ jet analysis, applied as a change to the normalisation of the signal template. For the
high mass dijet analysis, an uncertainty on the jet energy resolution uncertainty was not
included as it was deemed to be negligible, based on the studies performed by the ATLAS
Collaboration for the dijet resonance search performed using /s = 8 TeV data [4, 87].

Luminosity

The determination of the integrated luminosity involves performing beam-separation scans.
There are many sources of systematic uncertainty associated with the luminosity determina-
tion, for example, the alignment of the beam. A full description of the sources of systematic
uncertainty and the determination of the overall systematic uncertainty is given in [142,
210]. The £+ 1o uncertainty on the integrated luminosity was determined to be + 9% for
the high mass dijet analysis, using beam-separation scans performed in June 2015. The £
lo uncertainty for the dijet + ISR analyses was determined to be + 2.9%, using beam-
separation scans performed in August 2015 and May 2016 which reduced the uncertainty.
The luminosity uncertainty changes the normalisation of the signal template. For example,
the +1o signal template corresponds to the nominal signal template scaled up by 9% for the

high mass dijet analysis.
Parton Distribution Function

In order to generate the signal templates, a parton distribution function (PDF) must be
utilised. There are uncertainties associated with the derivation of the PDF. For the anal-
yses in this thesis, the PDF set from the NNPDF group [211] was utilised. In addition to
providing the PDF, an ensemble of PDFs is also provided to allow the user to derive the
PDF uncertainty [212]. The LHAPDF software [213] was used to reweight signal samples
to each member of the ensemble. The uncertainty is given by the standard deviation of the
signal acceptance when using each member in the ensemble [212]. A flat 1 % uncertainty was
assigned for the dijet 4+ v and dijet + jet analyses. For the high mass dijet analysis a flat 1%
uncertainty was also used. This uncertainty was assigned based on the studies performed by
the ATLAS Collaboration for the dijet resonance search performed using /s = 8 TeV data

[87], in which the uncertainty was calculated by comparing the acceptance obtained using
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two different PDF's; one from the MSTW group [214] and one from the NNPDF group, as
described in [4]. The PDF uncertainty changes the normalisation of the signal template. For
example, the 410 signal template corresponds to the nominal signal template scaled up by
1% in each of the analyses. Note that the PDF uncertainty is not applied for the limits set

on Gaussian shapes, as these are not generated using Monte Carlo.
Photon Identification, Energy Scale and Resolution

For the dijet + 7 analysis, an additional uncertainty was required to account for changes in
acceptance due to the photon identification, energy scale and resolution. The uncertainties
are provided by the EGamma performance group and are described in [156, 158]. In each
case, the relative change in signal acceptance in a + 50 GeV signal window around the
nominal signal mass was calculated after varying the signal template by +10. The combi-
nation of the three uncertainties resulted in a flat 3% uncertainty on the acceptance. The
uncertainty changes the normalisation of the signal template, for example, the +1¢ signal
template corresponds to the nominal signal template scaled up by 3% for the dijet +

analysis.

Table 6.1 gives a summary of the systematic uncertainties considered in each analysis, and
their size in percent. Note that the values for the statistical uncertainty on the fit, the
function choice uncertainty, and the jet energy scale uncertainty vary with jet pr or my;,
and only a single value is displayed in the table for reference. The variation of the fitting
uncertainties with m;; is shown in Figure 6.3, and the dependence of the jet energy scale

uncertainty with jet pr is shown in Figure 3.15.

Systematic Applied High mass Dijet + ~ Dijet + jet
Statistical Bkg 10% (mj; 7 TeV) | 3% (mj; 1.5 TeV) | 0.5% (m;; 600 GeV)
Function choice Bkg 25% (mj; 7 TeV) | 2.5% (m;; 1.5 TeV) | 0.5% (m;; 600 GeV)
Jet energy scale Signal | 3% (pr 2.5 TeV) | 2.3% (pr 2.5 TeV) | 2.3% (pr 2.5 TeV)
Luminosity Signal 9% 2.9% 2.9%

PDF Signal 1% 1% 1%

JER Signal - 2% 1%

v (ID, scale, reso.) | Signal - 3% -

Table 6.1: This table summarises the source and size of the systematic uncertainties applied
in each of the analyses described in this thesis. It also indicates whether the systematic
is applied to the background estimate or to the signal template. Note that the statistical
uncertainty on the fit, the function choice uncertainty and the jet energy scale uncertainty
displayed are for a single value of m;; or jet pr as indicated in parentheses.



Chapter 6. Limit Setting 128

6.3 Limit Setting Implementation

The Bayesian Analysis Toolkit (BAT) [6] is used to obtain the marginalised posterior dis-
tribution p(v|Data). The analyser must provide BAT with a list of parameters v and 6 and
their corresponding prior distributions, as well as the likelihood function L£(v, @|Data). The

likelihood function is given by the product of the Poisson probability in each bin:

N EDie—Ei
L(v,8|Data) = H lD —
i=1 i

(6.6)

where the product runs over all the bins 7 in the spectrum, E; is the total number of expected
events (signal + background, which depend on v, ) in bin 4, and D; is the number of data
events in bin ¢. Note that the nominal signal template is initially normalised to unity, such
that v corresponds to the number of signal events. Template based systematics on the signal
are scaled by the integral of the original nominal signal template, hence, they take into
account changes in acceptance. For a given set of parameter values v and 6, the expected
number of events E; in bin ¢ is calculated by first applying the template based systematic
uncertainties (the statistical uncertainty on the fit, the function choice and the jet energy
scale uncertainty) to the signal or background distribution, accordingly, as these can modify
the shape of the signal and background distributions. The signal distribution is then scaled
by the parameter of interest (the signal normalisation) and the systematic uncertainties
which can affect the signal normalisation, i.e. the JER, Luminosity, PDF, and the photon
uncertainties for the dijet + + analysis. The signal and background distributions are then
added together, forming the expected spectrum, from which the bin-by-bin total number of
expected events F; are extracted. We are now able to calculate the likelihood for a given set

of parameter values (v, 0).

Now that the likelihood function, parameters and priors have been defined, the next step is
to map out the posterior distribution p(v,@|Data) (from which the marginalised posterior
distribution p(v|Data) can be derived). Recall that the posterior is given by p(v, 8|Data) =
L(v,0|Data)r(v) [ [, 7(6;)d€, and hence, is a function of the parameters v the signal nor-
malisation and @ the nuisance parameters representing sources of systematic uncertainty.
In order to map out the posterior, we need to sample the parameter space of all allowed
values of v and @ (v is limited to the range 0 to vy defined in Section 6.1.3, and each 6;
parameter is limited to 4+ 30, except for the parameter corresponding to the fit function
choice uncertainty which is limited to 0 to 30). In order to sample this space efficiently BAT
employs Markov Chain Monte Carlo (MCMC) [215, 216]. For full details about the MCMC
implementation in BAT see [217, 218], an overview will be provided here. The basic idea is

that we perform a random walk in parameter space (v,0), spending more time in regions of
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high probability density, i.e. sampling proportional to the posterior. Each set of parameters
only depends on the previous set, not on the full history, hence, the sequence of parameter
values is a Markov Chain [219]. The Metropolis-Hastings algorithm [215, 220] is used to

generate the Markov Chains used in BAT, proceeding as follows:

1. The chain starts at position x; in parameter space.

2. A new position x5 is proposed by individually selecting each new parameter from a

Breit-Wigner distriution centered on the corresponding parameter in ;.

3. A random number 7 between 0 and 1 is selected from a uniform distribution

4. The value of the posterior p(v, @|Data) = L(v, @|Data)r(v) [[; 7(6;)dO for each set of

parameters x; and x, is calculated, i.e. p(v, @|Data); and p(v, @|Data)s.

p(v,0|Data)s
5. If r < (v 6] Data)s

otherwise we remain at position x; and it is added to the chain.

, we transition to the new position x5 and it is added to the chain,

6. The process is then repeated with the chosen position defined as position @;.

An illustration of this procedure for two parameters ¢, and 65 is shown in Figure 6.4.

We have now performed a random walk in parameter space, with the chain preferentially
transitioning to positions corresponding to high probability regions of the posterior [221,
222]. In this way we have mapped out the posterior distribution. By plotting the frequency
of occurrence for individual parameters and normalising the distribution to unity, we then
have access to the marginal posteriors for the parameter of interest p(v|Data), and for all
of the nuisance parameters. A simplified example is given for the parameter of interest v.
Consider one chain and one parameter, for example, v = 0, 1, 1, 0, 2, 0. We would get a
histogram of the marginalised posterior with three entries for » = 0, two entries for v = 1,
and one entry for v = 2. This distribution is then normalised to unity to obtain the final

marginalised posterior.
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Figure 6.4: This figure illustrates a random walk in parameter space (#1,05). The num-
bers indicate the number of iterations the chain remained at this point in parameter space,
the blue arrows indicate accepted transitions, and the red arrows indicate rejected transi-
tions. The marginalised posterior distributions obtained for the two parameters p(6;|Data)
and p(f;|Data) are also shown, and the yellow bands correspond to the central 68% of the
distributions. Figure adapted from [217].

6.4 Model Dependent Limits

For each signal model and mass point, the posterior p(rv|Data) is calculated as described in
Section 6.3. An example of the posterior distribution for a 5 TeV ¢* signal in the high mass
dijet analysis is shown in Figure 6.5. The 95% quartile is indicated by the line on the plot.
As previously described in Section 6.1.2, this defines the upper limit on the number of signal
events. In addition to obtaining the posterior for the parameter of interest v, we also obtain
the posterior distributions for each of the nuisance parameters. As a cross-check of the
limit setting procedure, we compare the posterior distributions obtained for each nuisance
parameter to the prior used for that nuisance parameter. Examples of the comparison of the

priors and posteriors are shown in Appendix E.
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Figure 6.5: The marginalised posterior p(v|Data) as a function of the number of signal events
v, for the 5 TeV gq* mass point in the high mass dijet analysis. The line indicates the 95%
C.L. upper limit on v.

In order to produce the final limit plot, for each signal mass point the upper limit on the
number of signal events is divided by the luminosity of the data set. Since only events which
fall within our analysis selection are considered in the limit setting, and only dijet final states
are utilised, the final limit is on the production cross-section of the signal o, multiplied by
the signal acceptance A, multiplied by the branching ratio to dijets BR. The upper limit on
o x A x BR is then displayed as a function of signal mass. In addition to displaying the
observed limit, the theoretical prediction for ¢ x A x BR is also displayed. By comparing
the theoretical prediction to the observed limit curve we can exclude ranges in mass for the

model we are setting limits on.

In addition to displaying the observed upper limit on 0 x A x BR, the expected upper limit
curve and lo and 20 uncertainty bands are also displayed. The expected upper limit is
produced by setting the nuisance parameters to their maximum-likelihood values, with v
set equal to zero. This spectrum is then used to produce pseudo-experiments, generated
in the same manner as described at the start of Chapter 5. The limit setting procedure is
then performed for each pseudo-experiment, and a distribution of their 95% C.L. limits on

o X A x BR is produced. The median, 1o, and 20 values of this distribution define the
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expected limit curve and the corresponding 1o and 20 uncertainty bands. The final limit
plots obtained for each of the signal models considered in the high mass dijet analysis are
shown in Figure 6.6. It is worth noting that the limits weaken in areas of the mass spectrum
which displayed an excess of events, this can be seen more clearly in the model-independent

limits which are presented in Section 6.5.
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Figure 6.6: The upper limit set on ¢ x A x BR at 95% C.L. as a function of signal mass
for the four signal models considered in the high mass dijet analysis. Clockwise from the
upper left hand quadrant, the limits for the quantum black hole models, the Z’ model with
a coupling to quarks of g, = 0.3, the W’ model, and the excited quark model are shown.
The observed limit is shown by the solid black curve, the expected limit is shown by the
dotted black curve, and the corresponding 1o and 20 uncertainty bands are shown in green
and yellow, respectively. The theoretical prediction is shown by the dashed blue line. Note
that the axis is labelled as ¢ x A due to the inclusion of the limits on quantum black hole
models, for which the branching ratio is included in the acceptance, as described in the text.
For all other models the limit is on ¢ x A x BR.
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Note that, for the quantum black hole models, the limit is set on ¢ X A, not ¢ X A X
BR. The reason for this is that all decays of the quantum black holes are simulated when
generating the MC, not just the decays to two partons, so by calculating the acceptance
as the fraction of events passing the analysis selection with respect to the total number of

events, the branching ratio is taken into account in the acceptance.

The upper left quadrant of Figure 6.6 shows the limits set on the quantum black hole models
for the three different scenarios: the ADD quantum black hole generated using the BLACK-
Max generator (BM), the ADD quantum black hole generated using the QBH generator
(QBH) and the RS quantum black hole generated using the QBH generator (RS). A single
observed and expected limit are displayed, as the signal shape is very similar for the three
scenarios. Figure 6.7(a) shows a comparison between the signal shape for a 6 TeV quantum
black hole for each of the three scenarios. Three separate theoretical predictions are dis-
played as each scenario has a different predicted cross-section. Additionally, Figure 6.7(a)
shows that the quantum black hole models result in signal shapes without large tails at high

or low mass, enabling us to set very strong observed and expected limits.
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Figure 6.7: A comparison of the shapes of the signal templates utilised in the high mass
dijet analysis. Note that the areas of the signal templates have been normalised to unity.
In Figure (a) 6 TeV quantum black hole signal templates are compared for three scenarios:
an ADD quantum black hole produced using the BLACKMAX generator (BM), an ADD
quantum black hole produced using the QBH generator (QBH), and an RS quantum black
hole produced using the QBH generator (RS). In Figure (b) the comparison is made between
a 2.5 TeV W’ signal, * signal and Z’ signal, indicating their similarity in signal shape at
low mass. In contrast, the 5 TeV q* signal and W’ signal are seen to have very different
signal shapes.

The upper right quadrant of Figure 6.6 shows the limits set on the Z’ model with g, = 0.3.
The lower left quadrant shows the limits set on the q* model, and the lower right quadrant

shows the limits set on the W’ model. The observed limits for low signal masses is similar for
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each of the three signal models. This is because their signal shapes are similar at low mass,
as shown in Figure 6.7(b). However, at higher masses, the limits on the W’ signal weaken

with respect to the limits on q* signal, due to the large low mass tails of the W' signal.

The strength of the mass limits set depends on both the strength of the observed limit, and
the theoretical prediction. A summary of the mass limits achieved in the high mass dijet
analysis are given in Table 6.2, together with the results obtained by the dijet resonance
search performed by the ATLAS Collaboration using /s = 8 TeV data [87], for reference.
The 13 TeV observed limit increased the exclusion in mass by up to 2.6 TeV for the quantum
black hole models, by more than 1 TeV for the excited quark model and by 0.1 TeV for the
W' model, with respect to the 8 TeV observed limit.

Model 95% C.L. Exclusion limit
Observed 8 TeV  Observed 13 TeV  Expected 13 TeV

Quantum black holes, ADD 5.6 TeV 3.1 TeV 3.1 TeV
(BLACKMAX generator)
Quantum black holes, ADD
(QBH generator) 5.7 TeV 8.3 TeV 8.3 TeV
Quantum black holes, RS
(QBH generator) 5.3 TeV 5.1 TeV
Excited quark 4.1 TeV 5.2 TeV 4.9 TeV
w’ 2.5 TeV 2.6 TeV 2.6 TeV

Table 6.2: This table shows the signal model, the 95% C.L. exclusion limit on mass achieved
by the 8 TeV high mass dijet resonance search (for reference), and the 13 TeV high mass
dijet resonance search observed and expected limits. Masses above those shown for each
signal model are excluded at 95% C.L..

The limits achieved for the Z’ model in the high mass dijet analysis are presented in Figure
6.8. The limits are shown in the plane of the Z’ coupling to quarks g,, versus the Z' mass
M. For each mass and coupling point considered, the ratio between the observed limit and
the theoretical prediction is shown. Mass and coupling points which are shown in blue or
white have a ratio which is less than one, indicating that the point is excluded at 95% C.L..
The figure indicates that Z’ signals with masses less than or equal to 2.5 TeV with couplings
equal to or exceeding g, = 0.3 are excluded. The results presented in this figure are used
in the production of the dark matter summary plot, which will be explained in detail in
Section 6.6.
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Figure 6.8: In the plane of the coupling of the Z’ to quarks g,, versus the Z’ mass My, the
ratio between the observed limit and the theoretical prediction is indicated by the number.
The mass and coupling points with a ratio less than one are excluded at 95% C.L., these
points are indicated by a blue or white box.

For the dijet + ISR analyses, limits are set on the Z’ model for various mass and coupling
points. Examples of the limits set on 0 x A x BR are shown in Figure 6.9 for the Z’ model
with g, = 0.3, for both the dijet 4 7 analysis and the dijet + jet analysis. By comparing
the observed limit to the theoretical prediction, we can see that for the dijet + ~ analysis,
the observed curve lies below the theoretical prediction for nearly all mass points, with the
exception of the 200 GeV mass point and the 950 GeV mass point. The mass points for
which the observed curve lies below the theoretical curve are considered to be excluded at
95% C.L.. For the dijet 4 jet analysis, we see that all the mass points considered are well

below the theoretical prediction.

For the dijet + v analysis, an additional step was required in order to obtain the final limits.
In order to display the limit on ¢ x A x BR, the efficiency for each mass and coupling
point must be divided out for the observed limit, expected limit, uncertainty bands, and
theoretical prediction. The efficiency was given previously in Figure 4.13. This step is not
needed for the high mass dijet analysis and the dijet + jet analysis as the efficiency for
reconstructing jets is 100% in the phase space of these analyses. The results presented here
are used in the production of the dark matter summary plots, which will be explained in
detail in Section 6.6.
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Figure 6.9: The upper limit set on o x A x BR at 95% C.L. as a function of the Z’ mass m
is shown for the Z’ model with a coupling to quarks of g, = 0.3 for (a) the dijet 4 7 analysis,
and (b) the dijet + jet analysis. For the dijet + = analysis, each of the curves (observed,
expected and the theoretical prediction) have been corrected for experimental inefficiencies
through division by the efficiency values shown in Figure 4.13, for each signal mass point
and coupling.

6.5 Model-independent Limits

In addition to setting limits on specific models of new physics, limits are also set for generic
Gaussian shaped signal templates. These limits are very useful for theorists, as it allows
them to reinterpret our results to set limits on their own signal models, enabling them to

determine which regions of phase space are excluded by our results.

Gaussian signal templates are produced with a range of different widths, with the narrowest
Gaussian signal template having a width-to-mass ratio matching the fractional dijet mass
resolution of the detector. Limits are then set on the Gaussian shapes in the same way as
for the model dependent limits. For the dijet + + analysis, the efficiency is corrected for in
the same manner as for the model dependent limits; however, a flat efficiency value of 0.81

is utilised; this is the average efficiency for each mass and coupling value.

The limits set on the Gaussian signals are shown in Figure 6.10 for each of the analyses
described in this thesis. It is seen that in general, the narrowest Gaussian signals considered,
shown in red, tend to set the strongest limits. They also tend to be the most sensitive to
the statistical fluctuations in the data, resulting in less smooth limit curves. As previously

mentioned, the limits weaken in areas of the mass spectrum which displayed an excess of
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events. This can be observed, for example, in the limits for the dijet + v analysis, where the
most significant mass region selected by BUMPHUNTER is 861 - 917 GeV, and it is observed
that the Gaussian limits weaken in this mass range. Note that limits are only shown for
Gaussian signal templates which are at least two times the width of the Gaussian og from
the edge of the fit range. Instructions for the reinterpretation of the Gaussian limits can be
found in Appendix A of [87], and tables giving the precise value of the limit for each mass

point and width are given in Appendix F.
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Figure 6.10: The upper limit set on o x A x BR at 95% C.L. as a function of the mass of the
Gaussian signal mg is shown for (a) the high mass dijet analysis, (b) the dijet + ~ analysis,
and (c) the dijet + jet analysis. The observed limits shown in red correspond to very narrow
Gaussians with a width-to-mass ratio equal to the fractional dijet mass resolution (Res.).
Limits set on Gaussians with higher width-to-mass ratios are shown in other colours. For
the dijet + ~ analysis each of the limits has been corrected for experimental inefficiencies
through division by 0.81, the average photon efficiency.
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6.6 Summary of Limits

The results from setting limits on the Z’ model in all three analyses are used in the production
of dark matter summary plots. The summary plot, showing 95% C.L. limits on the coupling
of the Z’ to quarks g,, versus the Z’ mass my is shown in Figure 6.11. The observed limits
are shown by the solid lines, and the expected limits are shown by the dotted lines. Coupling
values above the observed limits are excluded. The limits from the high mass dijet analysis
are shown in dark blue, the limits from the dijet + ~ analysis are shown in red and the
limits from the dijet + jet analysis are shown in purple. Additionally, the limits from the

Trigger-object Level Analysis (TLA) [12], not described in this thesis, are shown in blue.
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Figure 6.11: The 95% C.L. limits on the coupling of the Z’ to quarks g,, is shown versus the
7' mass. The solid curves show the observed upper limit, and the dashed curves show the
expected upper limit. The limits from the high mass dijet analysis (dark blue curve), dijet
+ v analysis (red curve), dijet + jet analysis (purple curve), and the Trigger-object Level
Analysis (TLA) (blue curve) are presented. Figure adapted from [223].
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Figure 6.11 illustrates how the dijet searches are working together in order to exclude phase
space for the Z’ model. The dijet + v analysis allows limits to be set down to 200 GeV in
mass, and sets limits over a larger range in mass; however, in the region that the dijet + jet
analysis covers, it sets more stringent limits on g,. The reason for this is due to the higher

theoretical prediction for the dijet + jet case, as shown in Figure 6.9.

In order to produce this plot, the limits on ¢ x A x BR for the Z' model are used to
calculate the ratio between the observed limit and the theoretical prediction, %, for each
mass and coupling point, as shown in Figure 6.8 for the high mass dijet analysis. Using the
fact that the signal cross-section scales proportionally to gg, and using the lowest coupling
value which was excluded for a particular mass point as a reference g, _,, the value of the

limit on the coupling g, .. can be calculated. The limit is calculated as

Olimit
Jamie = 1| 9 , 6.7
e = (T ) (6.7
where [ is a scale factor equal to 1 if the theoretical cross-section includes the decay of the
7' to beauty quarks, and equal to 1.25 if the decays to beauty quarks are not included.
The Z' signal samples used in the high mass dijet analysis and the TLA did not include the
decays of beauty quarks. Note that when determining g, ,, exclusion means that the ratio

% < 1. As an example, consider the 1.5 TeV mass point in the high mass dijet analysis.
eory

Using Figure 6.8, and dividing the -Zimit-values by § = 1.25, we see that the lowest coupling

Otheory

value which was excluded (Uglle—:l;ﬁ < 1) is g4, = 0.2, and that JZL—Z‘;ﬁ is equal to 1.2/1.25 =

0.96. Substituting these values into Equation (6.7), we obtain g, .. = 0.196. This value is
displayed in Figure 6.11.

Our limits in the plane of the coupling to quarks versus Z’ mass can also be compared
to existing limits on the baryonic Z’ model, by scaling our limits up by a factor of 6 and
overlaying them. The factor of 6 is due to the difference in the definition of the coupling to
quarks between the two models, as described in Section 4.1.2. The resulting plot is shown
in Figure 6.12, where the analyses described in this thesis are shown by red labelled curves.
Two separate plots showing the limits in the mass region below 1 TeV, and the limits in the

mass region above 1 TeV, are shown in Appendix G.
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Figure 6.12: The 95% C.L. limits on the coupling of the baryonic Z’ to quarks gp, versus
the baryonic Z’ mass my, , are shown from a variety of different experiments (UA2, CDF,
CMS and ATLAS). The labelled curves shown in red are the observed limits obtained from
the analyses described in this thesis. This plot is adapted from [88, 89]'.

Figure 6.12 shows that the high mass dijet analysis sets stronger limits than all the previous
dijet analyses in the mass region above ~ 1.6 TeV, and it extends the mass reach of the
limits to ~ 2.9 TeV. The limits from the dijet + ISR analyses provide the most stringent
limits across the majority of the mass region between ~ 220 - 450 GeV (with the exception
of the mass region ~ 315 - 350 GeV). This proves that the technique used in the dijet + ISR
analyses has successfully enabled us to target the region below 500 GeV, and has allowed us

to exceed the limits set by some of the older experiments.

Note that a CMS analysis [224] using events in which a potential resonance is boosted by
initial state radiation, and is reconstructed as a single large-radius jet was released in July
2016, and is also displayed on the plot. The release of this result was after the first dijet +
ISR result by ATLAS in June 2016, and before the second dijet 4+ ISR result by ATLAS in
August 2016 displayed on this plot.

1A description of the extraction for all the limits was provided in the caption of Figure 1.10, with the
exception of the extraction of the CMS Boosted ISR result, which was added by digitising the limit contour
in [224] using WebPlotDigitizer [91].



Conclusion and Outlook

In 2015 and 2016, the LHC delivered proton-proton collisions with an unprecedented centre-
of-mass energy of /s = 13 TeV. In this thesis results are shown from the analysis of the
high energy collision data recorded by the ATLAS detector.

One of the first analyses performed using the /s = 13 TeV collision data, collected in
2015 (3.6 fb™!), was the search for high mass resonances in the dijet final state. In this
analysis dijet events with invariant masses ranging from 1.1 TeV to 6.9 TeV were studied.
An event display of the highest mass dijet event utilised in the search is shown in Figure 6.13.
For reference, the highest mass achieved in the previous ATLAS search was 4.5 TeV [87],
demonstrating that a new high mass region of phase space was explored by the high mass
dijet analysis presented in this thesis. A spectrum of dijet invariant masses was produced,
and localised excesses of events above the background estimation were searched for. The
largest excess observed was between approximately 1.5 to 1.6 GeV, with a global p-value of
0.67. This indicates that no significant excess was present in the data, and hence, there is

no evidence for the presence of dijet resonances in the explored mass range.

CATLAS
A EXPERIMENT
http://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST

Figure 6.13: The highest mass dijet event utilised in high mass dijet resonance search, taken
from [187]. The pair of jets have a combined invariant mass of 6.9 TeV.
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The data are used to set stringent limits on several models of new physics, in addition to
model-independent Gaussian resonance shapes. The 95% C.L. limits set on the mass of
quantum black holes reached 8.3 TeV, increasing the limit achieved in Run I by more than
2 TeV. Excited quarks with masses below 5.2 TeV were excluded at 95% C.L, and heavy
W' bosons were excluded below 2.6 TeV. Limits were also set on a lepto-phobic Z’ dark
matter mediator model for the first time. The limits in the plane of the coupling to quarks
versus the mass of the Z’ were used to calculate the corresponding limits on the baryonic Z’
model, providing a direct comparison to the existing results. The comparison showed that
our results exceeded all the existing results above 1.6 TeV, and extended the exclusion to Z’

masses of up to 2.9 TeV.

The other two analyses presented in this thesis utilised /s = 13 TeV data, collected in
2015 and 2016 (15.5 fb™'), to search for low mass dijet resonances. A new technique was
used to overcome the trigger limitations in the low mass region. Events in which a dijet
was balanced against a high momentum photon or jet (arising from initial state radiation)
were selected by triggering on the high momentum object; allowing us to efficiently gather
low mass dijet events. Dijet masses in the range 200 to 1500 GeV were investigated in the
dijet + v analysis and masses in the range 300 to 600 GeV were investigated in the dijet
+ jet analysis. No evidence for resonances was observed in either case. Limits were placed
on model-independent Gaussian resonance shapes and on a lepto-phobic Z’ dark matter
mediator model. The corresponding limits set on a baryonic Z’ model showed that our
results exceed all the previous results in the mass range between 220 - 315 GeV and 350 -
450 GeV, surpassing existing limits from the UA2, CDF, CMS and ATLAS experiments.

Since the release of the results contained in this thesis, the high mass dijet analysis has been
performed with the full dataset collected in 2015 and 2016 (37 fb~! of data) [225], further
driving down the limits in the high mass region, as shown in Figure 6.14. The statistical
package which I worked on during my DPhil was utilised in the production of these results.
Additionally, CMS has performed a high mass dijet analysis using 12.9 fb™! of data [220].
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Figure 6.14: The 95 % C.L. limits on the coupling of the Z’ to quarks g,, is shown versus the
Z' mass. The solid curves show the observed upper limit, and the dashed curves show the
expected upper limit. The limits from the latest high mass dijet analysis using 37 fb~! of
data is shown by the dark blue curve. The curves for the other analyses are the same as
those displayed previously. Figure taken from [223].

In the low mass region, CMS has released an updated version of their ISR + large-radius jet
analysis with 36 fb™! of data [227]. Figure 6.15 shows a comparison between the 95% C.L.
limits set by this analysis and the 95 % C.L. limits set by other low mass dijet analyses,
including the results from the dijet 4+ ISR analyses described in this thesis. The limits shown
are for the Z’ dark matter mediator model in the plane of the Z’ coupling to quarks g,, versus
the mass of the Z’. The comparison shows that these new results exceed those obtained by
the dijet 4+ ISR analyses in this thesis below 225 GeV, and that this analysis can set limits
on Z' masses down to 50 GeV. This is achieved by utilising a large-radius jet, rather than a
resolved pair of jets. This technique relies on the fact that in order to balance the momentum
of the high py ISR object, a very light resonance would receive a large Lorentz boost. This
causes the decay products of the resonance to merge, such that they cannot be resolved as
two distinct jets, and are instead reconstructed as a large-radius jet. The result released by
CMS shows a small excess at 115 GeV (2.9¢0 local significance, 2.20 global significance). An
ATLAS analysis in the ISR + large-radius jet channel is underway, and the results from this

will be very interesting to see.
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Figure 6.15: The 95% C.L. limits on the coupling of the Z’ to quarks g, versus the mass of
the Z’ are shown from a variety of different experiments (UA2, CDF, CMS and ATLAS).
The results from the dijet + ISR analyses described in this thesis are shown by the red solid
line (dijet + v) and by the blue solid line (dijet + jet). The latest CMS results, shown in
black, supersede the ATLAS dijet + ISR results below 225 GeV and can probe masses down
to 50 GeV. Figure taken from [227].

CMS has also released a result in which b-tagging is applied to the large-radius jet in the ISR
+ large-radius jet channel [228], using 36 fb~! of data. This analysis observed the decay of
a Z boson to a bb pair with a local significance of 5.1, and observed an excess at the Higgs
mass with a local significance of 1.5¢. This indicates that the techniques applied here can
successfully identify low mass resonances in the di-b-jet final state, which is significant for
studying Standard Model processes, and for searching for new particles at low di-b-jet mass.
The resolved and boosted ISR analyses could, in principle, be performed using trigger jets,
recorded with reduced information, as utilised in the ATLAS Trigger-object Level analysis
[12]. This would further increase the data yield obtained at low dijet masses, enhancing the

sensitivity to new particles with a low production cross-section.

With an expected data yield of 150 b~ by 2019, and new techniques at our disposal, there
is much hope for finding evidence for Beyond Standard Model particles at the LHC. The
dijet final state remains to be a promising place to search for new particles, and the quest

to understand the particles and forces which make up our universe continues.



Appendix A

Jet Cleaning

A jet is identified as BadLoose, i.e. likely to be a fake jet if it satisfies any of the following

criteria:

—_

. Jaec > 0.5 and [f5F¢| > 0.5 and (Q) > 0.8;

[\

. | Enegl > 60 GeV;

3. fem > 0.95 and f5* > 0.8 and (Q) > 0.8 and |n| < 2.8;
4. fae > 0.99 and |n| < 2;

5. fem < 0.05 and fg, < 0.05 and [n] < 2;

6. fem < 0.05 and |n| > 2.
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Appendix B

Mass Spectra Binning

The final derived bin edges for the high mass dijet analysis, in GeV:

946, 976, 1006, 1037, 1068, 1100, 1133, 1166, 1200, 1234, 1269, 1305, 1341, 1378, 1416, 1454,
1493, 1533, 1573, 1614, 1656, 1698, 1741, 1785, 1830, 1875, 1921, 1968, 2016, 2065, 2114,
2164, 2215, 2267, 2320, 2374, 2429, 2485, 2542, 2600, 2659, 2719, 2780, 2842, 2905, 2969,
3034, 3100, 3167, 3235, 3305, 3376, 3448, 3521, 3596, 3672, 3749, 3827, 3907, 3988, 4070,
4154, 4239, 4326, 4414, 4504, 4595, 4688, 4782, 4878, 4975, 5074, 5175, 5277, 5381, 5487
5595, 5705, 5817, 5931, 6047, 6165, 6285, 6407, 6531, 6658, 6787, 6918, 7052, 7188, 7326,
7467, 7610, 7756, 7904, 8055, 8208, 8364, 8523, 8685, 8850, 9019, 9191, 9366, 9544, 9726,
9911, 10100, 10292, 10488, 10688, 10892, 11100, 11312, 11528, 11748, 11972, 12200, 12432,
12669, 12910, 13156

The final derived bin edges for the dijet + ISR analyses, in GeV:

169, 180, 191, 203, 216, 229, 243, 257, 272, 287, 303, 319, 335, 352, 369, 387, 405, 424, 443,
462, 482, 502, 523, 544, 566, 588, 611, 634, 657, 681, 705, 730, 755, 781, 807, 834, 861, 889,
917, followed by the high mass dijet analysis bin edges given above.
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Appendix C

Event Yields

Selection criteria Nevents

All 35477718
Event Quality 35393381
Primary Vertex Requirement 35391453
Trigger OR 23350594
At least two jets with pr > 50 GeV | 23020926
Leading jet pr > 200 GeV 12740838
HLT j360 trigger 11995952
Jet cleaning 11988448
Leading jet pr > 440 GeV 4979860
my; > 1100 GeV 2480182
lyis| < 0.6 677852

Table C.1: Event yields for the full 3.6 fb~! used in the high mass dijet analysis. The
Trigger OR includes events passing any of the following triggers: L1_J75, L.1_J100, HL'T_j360,
HLT_3j175 or HLLT _4j85.

Selection { Nevents
Pre-Selection 3097173
Jet Cleaning 3094508
Photon pr > 150 GeV | 1346530
lyts| < 0.8 903526
ARisR close—jet > 0.85 854666
mj; > 160 GeV 198009

Table C.2: Event yields for the full 15.5 fb~! used in the dijet + ~ analysis. The pre-selection
includes the trigger, event quality and primary vertex requirements, in addition to requiring
at least two jets with pr > 25 GeV and within || < 2.8, and one tight ID isolated photon
with pr > 10 GeV.

Selection [ Nevents
Pre-Selection 20008992
Jet cleaning 19980876

Three Jets with pr > 25 GeV | 17309262
Leading Jet pr > 430 GeV 9319099
lyss| < 0.6 5708908
mj; > 270 GeV 1507667

Table C.3: Event yields for the full 15.5 fb~! used in the dijet + jet analysis. The pre-
selection includes the trigger, event quality, and primary vertex requirements, in addition to
requiring at least two jets with pr > 25 GeV and within |n| < 2.8.
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Appendix D

Additional Search Phase Plots
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Figure D.1: These figures show the local p-value in

search.
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with the red arrow. A global p-value is derived by calculating the fraction of pseudo-
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Appendix E

Additional Limit Setting Plots
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Figure E.1: For a 5 TeV g* in the high mass dijet analysis, a comparison between the prior
(solid line) and the marginalised posterior (dotted line) is displayed. In Figure (a) the solid
line indicates the 95% quantile of the number of signal events v, not the prior.
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Figure E.2: For a 450 GeV Z’ with g, = 0.3 in the dijet + 7 analysis, a comparison between
the prior (solid line) and the marginalised posterior (dotted line) is displayed. In Figure (a)
the signal normalisation v (solid line indicates the 95% quantile, not the prior).
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Figure E.3: For a 450 GeV Z’ with g, = 0.3 in the dijet + jet analysis, a comparison between
the prior (solid line) and the marginalised posterior (dotted line) is displayed. In Figure (a)
the solid line indicates the 95% quantile of the number of signal events v, not the prior.



Appendix F

Gaussian Limit Tables

mg [GeV] Limit [pb] Limit [pb] Limit [pb]
(Ug/mG = Res.) (U(;/mG = 7%) (Ug/mg = 10%)

200 0.098 0.16 -

250 0.025 0.033 0.045
300 0.05 0.072 0.088
350 0.035 0.051 0.066
400 0.026 0.034 0.044
450 0.023 0.031 0.038
500 0.019 0.027 0.035
550 0.019 0.032 0.044
600 0.027 0.038 0.043
650 0.021 0.026 0.025
700 0.0089 0.013 0.015
750 0.0073 0.0092 0.011
800 0.0063 0.0088 0.012
900 0.014 0.015 0.016
1000 0.0077 0.013 0.018
1200 0.0096 0.015 0.02

Table F.1: This table displays the dijet 4+ v analysis upper limits set on ¢ x A x BR at
95% C.L. for Gaussian signal shapes with mean mass mg, for various width-to-mass ratios.
The smallest width-to-mass ratio (Res.) corresponds to the detector mass resolution. Each
of the limits have been corrected for experimental inefficiencies through division by 0.81, the
average photon efficiency.

mg [GeV] Limit [pb] Limit [pb] Limit [pb]
(U(;/Hl(; = Res.) (Og/mG = 7%) (Ug/mG = 10%)

350 0.12 - -

400 0.16 0.19 0.22

450 0.066 0.11 0.14

500 0.13 0.18 0.22

550 0.052 - -

Table F.2: This table displays the dijet + jet analysis upper limits set on ¢ x A x BR at
95% C.L. for Gaussian signal shapes with mean mass mg, for various width-to-mass ratios.
The smallest width-to-mass ratio (Res.) corresponds to the detector mass resolution.

153



mg [GeV] Limit [pb] Limit [pb] Limit [pb] Limit [pb]
(0q/mg = Res.) | (o6g/mg = 7T%.) | (0g/mg = 10%) | (0¢/mg = 15%)
1200 0.28 - - -
1250 0.16 - - -
1300 0.25 0.4 - -
1350 0.31 0.52 - -
1400 0.3 0.64 1.0 -
1450 0.22 0.67 0.97 -
1500 0.26 0.64 0.79 -
1550 0.31 0.54 0.52 -
1600 0.29 0.36 0.29 0.28
1650 0.2 0.21 0.21 0.23
1700 0.093 0.14 0.16 0.21
1750 0.056 0.1 0.13 0.18
1800 0.049 0.089 0.12 0.17
1850 0.056 0.087 0.11 0.16
1900 0.066 0.087 0.11 0.14
1950 0.069 0.091 0.11 0.14
2000 0.062 0.092 0.11 0.13
2100 0.051 0.11 0.1 0.11
2200 0.065 0.11 0.091 0.1
2300 0.068 0.084 0.078 0.097
2400 0.04 0.057 0.069 0.11
2500 0.025 0.048 0.061 0.1
2600 0.026 0.045 0.068 0.098
2700 0.026 0.051 0.067 0.091
2800 0.025 0.053 0.064 0.084
2900 0.028 0.051 0.058 0.076
3000 0.028 0.044 0.051 0.072
3100 0.025 0.038 0.047 0.066
3200 0.021 0.032 0.042 0.059
3300 0.014 0.028 0.04 0.051
3400 0.012 0.027 0.037 0.045
3500 0.013 0.026 0.034 0.037
3600 0.014 0.025 0.031 0.031
3700 0.014 0.024 0.028 0.027
3800 0.013 0.023 0.025 0.024
3900 0.013 0.021 0.023 0.021
4000 0.013 0.019 0.02 0.018
4200 0.011 0.018 0.018 0.015
4400 0.01 0.016 0.015 0.012
4600 0.0092 0.014 0.013 0.011
4800 0.0078 0.011 0.01 0.0084
5000 0.0059 0.0089 0.0081 0.0081
5200 0.004 0.0056 0.0062 0.0067
5400 0.0033 0.0045 0.0052 0.0059
5600 0.0031 0.0041 0.0046 -
5800 0.003 0.0038 0.0043 -
6000 0.0029 0.0035 - -
6200 0.0028 - - -
6400 0.0026 - - -
6600 0.0023 - - -

Table F.3: This table displays the high mass dijet analysis upper limits set

154

on o X A x

BR at 95% C.L. for Gaussian signal shapes with mean mass mg, for various width-to-mass
ratios. The smallest width-to-mass ratio (Res.) corresponds to the detector mass resolution.
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Dark Matter Summary Plots
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Figure G.1: The 95% C.L. limits on the coupling of the baryonic Z’ to quarks gg, versus the
mass of the Z/, m z1,, are shown for the mass region below 1 TeV. The limits shown are from
a variety of different experiments (UA2, CDF, CMS and ATLAS). This plot is adapted from
[88, 89]. The labelled curves shown in red are the observed limits obtained from the dijet
+ ISR analyses described in this thesis. A description of the extraction for all of the other
limits was provided in the caption of Figure 1.10, with the exception of the extraction of
the CMS Boosted ISR result, which was added by digitising the limit contour in [224] using
WebPlotDigitizer [91].
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Figure G.2: The 95% C.L. limits on the coupling of the baryonic Z’ to quarks gg, versus the
mass of the Z', my, , are shown for the mass region above 1 TeV. The limits shown are from
ATLAS and CMS. This plot is adapted from [88, 89]. The labelled curves shown in red are
the observed limits obtained from the high mass dijet analysis described in this thesis. A
description of the extraction for all of the other limits was provided in the caption of Figure
1.10.
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