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ABSTRACT

Searches for physics beyond the Standard Model (SM) have always been a focus
of the particle physics community, more so since the discovery of a Higgs-like
boson (k) in 2012. These are typically done using either the top-down or bottom-up
methodology. In this thesis, a model is constructed in order to successfully explain
a variety of anomalous results from Run 1 and 2 of the Large Hadron Collider
(LHC), using a hybrid methodology that iterates between theory and experiment.
Initially in 2015, a new heavy scalar boson H was postulated to explain anomalies
in the Run 1 LHC data. The result of this early study implied that a heavy scalar
boson with a mass around 270 GeV, produced through gluon fusion, could explain
these anomalies with a significance of 3¢, with a cross section comparable with that
of a heavy Higgs boson as well as a dominant /-associated decay mode. Theoretical
developments of the model then hinted towards the existence of an additional
scalar boson S, which acted as this associated decay product. The S boson, with a
mass of around 150 GeV, was likely to decay to final states comprising of multiple
leptons. The culmination of these studies found that the H — Sh decay mode was
dominant and could be searched for in final states with multiple leptons and b-
tagged jets at the LHC. In 2017 and 2018, using the input from these initial studies,
anomalies in the LHC data were successfully explained by the model, as predicted.
It was found that the new physics model improved on the SM description of the
data at the level of at least 8¢ with just a single degree of freedom. Should these
discrepancies not be resolved, this can be considered as indirect evidence for new
physics processes at the LHC, since the current SM tools are unable to provide a
reasonable explanation for the anomalies. The potential of correlating this result
with a mild excess at 245 GeV in the search for H decaying to four leptons in the
ATLAS detector is considered, and future potential developments of the model are

discussed.

vii






PUBLICATIONS

The work presented in this thesis has also been presented and published in a
number of peer-reviewed journal articles and conference outputs, as well as some
unpublished reports. The ideas and results in these works will therefore be of a

similar nature to those presented here. A list of these publications is given below:

JOURNAL ARTICLES:

e S. Buddenbrock, A. S. Cornell, Y. Fang, A. Fadol Mohammed, M. Kumar,
B. Mellado, and K. G. Tomiwa, “The emergence of multi-lepton anomalies at
the LHC and their compatibility with new physics at the EW scale,” [HEP 10
(2019) 157, arXiv:1901.05300 [hep-ph]

e S. von Buddenbrock, A. S. Cornell, E. D. R. Iarilala, M. Kumar, B. Mellado,
X. Ruan, and E. M. Shrif, “Constraints on a 2HDM with a singlet scalar and
implications in the search for heavy bosons at the LHC,” J. Phys. G46 no. 11,
(2019) , arXiv:1809.06344 [hep-ph]

e ATLAS Collaboration, M. Aaboud et al., “Search for Higgs boson pair pro-
duction in the WW*WW ) decay channel using ATLAS data recorded at
Vs =13 TeV,” JHEP o5 (2019) 124, arXiv:1811.11028 [hep-ex]

e ATLAS Collaboration, M. Aaboud et al., “Search for dark matter in associa-
tion with a Higgs boson decaying to two photons at /s = 13 TeV with the
ATLAS detector,” Phys. Rev. D96 no. 11, (2017) 112004, arXiv:1706.03948
[hep-ex]

e S. von Buddenbrock, A. S. Cornell, A. Fadol, M. Kumar, B. Mellado,
and X. Ruan, “Multi-lepton signatures of additional scalar bosons beyond
the Standard Model at the LHC,” |. Phys. G45 no. 11, (2018) 115003,
arxXiv:1711.07874 [hep-ph]

¢ S.von Buddenbrock, N. Chakrabarty, A. S. Cornell, D. Kar, M. Kumar, T. Man-
dal, B. Mellado, B. Mukhopadhyaya, R. G. Reed, and X. Ruan, “Phenomeno-
logical signatures of additional scalar bosons at the LHC,” Eur. Phys. |. C76
no. 10, (2016) 580, arXiv:1606.01674 [hep-ph]

e S. von Buddenbrock, N. Chakrabarty, A. S. Cornell, D. Kar, M. Kumar,
T. Mandal, B. Mellado, B. Mukhopadhyaya, and R. G. Reed, “The compat-
ibility of LHC Run 1 data with a heavy scalar of mass around 270GeV,”
arxXiv:1506.00612 [hep-ph]

ix


http://dx.doi.org/10.1007/JHEP10(2019)157
http://dx.doi.org/10.1007/JHEP10(2019)157
http://arxiv.org/abs/1901.05300
http://dx.doi.org/10.1088/1361-6471/ab3cf6
http://dx.doi.org/10.1088/1361-6471/ab3cf6
http://arxiv.org/abs/1809.06344
http://dx.doi.org/10.1007/JHEP05(2019)124
http://arxiv.org/abs/1811.11028
http://dx.doi.org/10.1103/PhysRevD.96.112004
http://arxiv.org/abs/1706.03948
http://arxiv.org/abs/1706.03948
http://dx.doi.org/10.1088/1361-6471/aae3d6
http://arxiv.org/abs/1711.07874
http://dx.doi.org/10.1140/epjc/s10052-016-4435-8
http://dx.doi.org/10.1140/epjc/s10052-016-4435-8
http://arxiv.org/abs/1606.01674
http://arxiv.org/abs/1506.00612

CONFERENCE PROCEEDINGS:

¢ S. von Buddenbrock and B. Mellado, “Anomalies in the production of multi-
ple leptons at the LHC,” arXiv:1909.04370 [hep-ph]

e S. von Buddenbrock, “Di-Higgs production and the Madala Hypothesis,” in
Proceedings of the HEPP Workshop 2018, A. Cornell and B. Mellado, eds. https:
//indico.cern.ch/event/682259/. Accepted for publication

e S. von Buddenbrock, A. S. Cornell, M. Kumar, and B. Mellado, “The Madala
hypothesis with Run 1 and 2 data at the LHC,” |. Phys. Conf. Ser. 889 no. 1,
(2017) 012020, arXiv:1709.09419 [hep-ph]

e S. von Buddenbrock, “Exploring LHC Run 1 and 2 data using the Madala
hypothesis,” J. Phys. Conf. Ser. 878 no. 1, (2017) 012030, arXiv:1706.02477
[hep-ph]

e S. von Buddenbrock, “Production of the Madala boson in association with
top quarks,” in The Proceedings of SAIP2017, the 62nd Annual Conference of the
South African Institute of Physics, ]. Engelbrecht, ed., pp. 187-192. ISBN: 978-0-
620-82077-6

e S.von Buddenbrock et al., “Constraining hypothetical extensions to the Higgs
sector at the LHC,” in The Proceedings of SAIP2016, the 61st Annual Conference
of the South African Institute of Physics, S. Peterson and S. Yacoob, eds., pp. 158—
163. ISBN: 978-0-620-77094-1

INTERNAL NOTES:

e S. H. Abidi et al., “Search for heavy ZZ resonances in the ¢¢¢¢ final state
using proton—proton collisions at V8 = 13 TeV with the ATLAS detector,”
Tech. Rep. ATL-ANA-HIGG-2018-09, CERN, Geneva, Sep, 2018

e J. Adelman et al., “Supporting note: Selection and performance for the 1 —
vy and h — Z analyses, Spring 2017,” Tech. Rep. ATL-COM-PHYS-2017-
357, CERN, Geneva, Apr, 2017

e S. von Buddenbrock et al., “Supporting note: Search for dark matter in events
with missing transverse momentum and a Higgs boson decaying to two pho-
tons in pp collisions at /s = 13 TeV with the ATLAS detector using data in
full years of 2015 and 2016,” Tech. Rep. ATL-COM-PHYS-2016-1735, CERN,
Geneva, Nov, 2016

e X. Ruan et al., “Search for a Higgs boson with the di-photon 2 decay in asso-
ciation with missing energy in p p collisions at /s = 13 TeV with the ATLAS
detector,” Tech. Rep. ATL-COM-PHYS-2016-1732, CERN, Geneva, Nov, 2016

e S. von Buddenbrock et al., “Search for resonant pair production in H —
SS,Sh,hh channels decaying to 4W with a four lepton final state at
/s = 13 TeV in the ATLAS detector,” Tech. Rep. ATL-COM-PHYS-2016-1622,
CERN, Geneva, Feb, 2017

e Y. Fang et al., “Search for Higgs boson pair production in the final state of
YYWW*(— lvjj) using 36.1 fb~! of pp collision data recorded at /s = 13 TeV


http://arxiv.org/abs/1909.04370
https://indico.cern.ch/event/682259/
https://indico.cern.ch/event/682259/
http://dx.doi.org/10.1088/1742-6596/889/1/012020
http://dx.doi.org/10.1088/1742-6596/889/1/012020
http://arxiv.org/abs/1709.09419
http://dx.doi.org/10.1088/1742-6596/878/1/012030
http://arxiv.org/abs/1706.02477
http://arxiv.org/abs/1706.02477

with the ATLAS detector,” Tech. Rep. ATL-COM-PHYS-2016-1406, CERN,
Geneva, Sep, 2016

L. Cerda Alberich et al., “Supporting note: Selection and performance for the
h — vy and h — Z+ analyses,” Tech. Rep. ATL-COM-PHYS-2016-862, CERN,
Geneva, Jul, 2016

S. von Buddenbrock et al., “Supporting note: Search for dark matter in events
with missing transverse momentum and a Higgs boson decaying to two pho-
tons in pp collisions at /s = 13 TeV with the ATLAS detector,” Tech. Rep.
ATL-COM-PHYS-2016-708, CERN, Geneva, Jun, 2016

S. von Buddenbrock et al., “Supporting note: Search for a generic heavy boson
using 7y + X in p p collisions aty/s = 13 TeV with the ATLAS detector,” Tech.
Rep. ATL-COM-PHYS-2016-473, CERN, Geneva, May, 2016

E. Petit et al., “Supporting note: Selection and performance for the h —
vy and b — Zv analyses,” Tech. Rep. ATL-COM-PHYS-2016-109, CERN,
Geneva, Feb, 2016

X. Ruan et al., “Search for a Higgs boson with the di-photon decay in associ-
ation with missing energy in pp collisions at /s = 13 TeV with the ATLAS
detector,” Tech. Rep. ATL-COM-PHYS-2015-1589, CERN, Geneva, Dec, 2015

J. Adelman et al., “Search for resonant and enhanced non-resonant dihiggs
production in the yybb channel with XXX fb-1 of data at 13 TeV,” Tech. Rep.
ATL-COM-PHYS-2015-1073, CERN, Geneva, Aug, 2015

xi






ACKNOWLEDGEMENTS

First and foremost, many thanks go to Prof. Bruce Mellado and Prof. Alan S. Cor-
nell, the supervisors of this work. In addition to providing guidance and a focus
for this thesis, they were also helpful in accomplishing the additional task of com-
pleting paperwork and securing the funding necessary for a relatively comfortable
time as a postgraduate student. Other members of the Wits staff in the School of
Physics have also been helpful and gone out of their way to assist me. These are
Dr. Deepak Kar, Dr. Mukesh Kumar, Dr. Xifeng Ruan and Dr. Jong Soo Kim.

The first part of this thesis deals with constructing a model based on a few
experimental observations. For this task, a small group from the Harish-Chandra
Research Institute (HRI) are acknowledged for collaborating with the team at Wits,
particularly in the area of providing the theoretical physics tools and insights for
this model. The group consisted of Prof. Biswarup Mukhopadhyaya, Dr. Tanumoy
Mandal and Dr. Nabarun Chakrabarty. Without their helpful input and discussions,
the project would not have moved forward as robustly as it did.

The second part of this thesis is a description of some experimental work
done with the ATLAS collaboration. In particular, I would like to acknowledge
Dr. Theodota Lagouri for allowing me a platform to join the ATLAS HZZ group,
Dr. Simone Amoroso for helping me with my qualification task, and Dr. Rosy
Nikolaidou and Dr. Lailin Xu for sub-convening the high-mass four lepton group
during my time working in it.

The agencies and organisations that supported this work are also acknowledged
for their willingness to fund my studies and the research at large. These are the
National Research Foundation (NRF) and the National Institute for Theoretical
Physics (NITheP). For funding my travels to CERN and various conferences and

workshops around the world, I also am grateful to the SA-CERN consortium. With-

xiii



out the support of these funding organisations, my PhD work would have been
either impossible or excruciatingly difficult.

Finally, I acknowledge the support of my family during my time as a student.
It’s easy to forget that life would not be possible without those closest to me: my
wife, parents and brothers. Without their support I would never have been able to
gain a voice for communicating the scientific ideas contained in this thesis. They

don’t know it, but they are the most important people in the process.

Xiv



CONTENTS

Declaration . . . . . ... ... ... L \%
Abstract. . . . . . . . L e vii
Publications . . ... ... ... .. ... ... ix
Acknowledgements . . . . . ... . oL Lo L Lo Xxiii
Listof Figures . . . . .. ... ... .. ... ... ... .. .. . xvii
Listof Tables . . . . . . . . . . . . . xix
ACIONYMS . . . . . o oo XX
1 INTRODUCTION 1
1.1 Thesis context and methodology . . . . ... ... ... ........ 1
1.2 Research question and thesis outline . . . . ... ............ 5
2 THE STANDARD MODEL OF PARTICLE PHYSICS 7
2.1 Particles in the Standard Model . . . . . .. ... ... ... 7
2.2 Electroweak symmetry breaking . .. ... ... ............ 10
23 TheHiggsboson . ............................. 15
3 PARTICLE PHYSICS EXPERIMENTS 19
3.1 The Large Hadron Collider . ... ... ... ... ........... 19
3.2 The ATLASdetector . ... ... ... .. ... ... ... . ..... 22
3.3 TheCMSdetector . . . . . . .. .. ... 30
3.4 The ALICE and LHCb experiments . . ... .............. 31
4 INITIAL CONSTRUCTION OF THE MODEL 33
4.1 Simplified production in association with dark matter . . .. .. .. 34
4.2 Compatibility checks with newer datasets . .. ... ......... 48
5 THE PRODUCTION OF H IN A MORE COMPLETE THEORY 67
5.1 Hinatwo Higgs doubletmodel . . ... ... ............. 67
5.2 Adding the dark matter candidate x . . . . ... ... ... ... ... 70
5.3 Adding the scalar mediator S . . . . .. ... ... . .o oL 73
5.4 Predictive phenomenology . . . ... ... ... .. ... ... ... 76
5.5 Analysis of selected leptonic signatures . . . . . ... ... ...... 84
6 APPLICATION OF THE MODEL TO ANOMALOUS MULTIPLE LEPTON
RESULTS 97
6.1 The simplified model . . . . . ... ... ... ... .. .. ..... 98
6.2 Analysisstrategy . . ... .. ... ... .. ... ... ... ... 102
63 FitstoLHCdata. .. ... ... ... .. ... ... ... . ... ... 104
6.4 Discussion . ... .. ... ... 126
7 SEARCH FOR A HIGH MASS SCALAR DECAYING TO 4/ 133
7.1 Data and simulated samples . . . . ... ... ... ... .. ... .. 134

XV



XVi

CONTENTS

7.2 Reconstruction of physicsobjects . . . . . ... ... ... ... .. .. 134
73 Eventselection. ... ... ... .. ... 137
7.4 Background estimation . . . . ... ... . o oo oL 139
7.5 Signal and background parameteristaion . . . ... ... ... .. .. 140
7.6 Systematic uncertainties . . . . .. ... ... o L 145
77 Results . . .. ... 154
7.8 Statistical interpretation . . . ... ... ... .. o 0 0L 155
8 CONCLUSIONS 159
8.1 Researchsummary . . ... ... ..................... 159
8.2 Discussion and prospects . . . . ... ... L oL 161
A MODELLING BSM PROCESSES FOR EXPERIMENTAL SEARCHES 163
A.1 Searches for the Higgs boson in association with missing energy . . 163
A.2 Searches for associated H production . . ... ... ........ .. 172

BIBLIOGRAPHY 183



LIST OF FIGURES

Figure 1 The iterative loop of scientific progress. . . . . ... ... .. 2
Figure 2 The Higgs potential . . . . .. ... ...... .. ....... 12
Figure 3 BRs of a Higgs boson with mass 110-180 GeV . . . . . . . .. 15
Figure 4 Higgs production Feynman diagrams . . ... ... ... .. 17
Figure 5 The CERN accelerator complex . . ... ... ... ...... 21
Figure 6 ATLAS detector cross section . . . . ... ........... 24
Figure 7 Effective decay of H — hxx . . ... .. .. .......... 37
Figure 8 BRs of a Higgs boson with mass 250-350GeV . . . . . .. .. 42
Figure 9 pr spectra fits for simplified H — hxx production . . . . . . 44
Figure 10 Statistical results for simplified H — hx) production . ... 47
Figure 11 95% CL approximated as a Gaussian . . . . ... ... .... 52
Figure 12 Combination of Run 1 di-Higgs results . . . ... ... ... 55
Figure 13 Combination of Run 2 di-Higgs results . . . . ... ... .. 56
Figure 14 SMh — yyprspectra . .. ................... 59
Figure 15 SMh —ZZ* =4l prspectra . . . .. ............. 61
Figure 16 SMh — WW* — evuv prspectra . . . .. ........... 63
Figure 17 H — hxx decay with the S mediator . . . .. ... ...... 73
Figure 18 BSM modelling of the Higgs pr spectrum . . . . .. ... .. 78
Figure 19 Theory plots for H — 4W — 40+ EXiss . .. ... .. 86
Figure 20 Theory plots for ttH — 6W — (E0X(X 4+ X ... ... .. .. 89
Figure 21 Theory plotsfor A = ZH . . ... ...... .. ....... 92
Figure 22 BSM Feynman diagrams for multi-lepton study . . . . . .. 101
Figure 23 SM+BSM fit result for ATLAS-EXOT-2013-16 . . . . ... .. 107
Figure 24 SM+BSM fit results formyp, . . . . . . . ... 110
Figure 25 Re-scaled mt for the ATLAS Run 2 h — WW* search . . .. 113
Figure 26 SM+BSM fit results for Run 2 SS lepton searches . . . . . . . 115
Figure 27 SM+BSM fit result for top spin correlation. . . . . . ... .. 118
Figure 28 SM+BSM fit results for WZ production . . .. ... ... .. 121
Figure 29 Theory studies on WZ production . . .. ... ........ 123
Figure 30 Multi-lepton combination profile likelihood ratios . . . . . . 125
Figure 31 Effects of systematic uncertainties on multi-lepton fits . . . . 127
Figure 32 ATLAS WW di-lepton invariant mass spectrum . . .. ... 129
Figure 33 Signal fit functionsfor H - ZZ . . . . .. ... ... ... .. 142
Figure 34 Background fit functions for H - ZZ . . .. ... ... ... 143
Figure 35 Systematic uncertainty calculation flow chart . . . . ... .. 146
Figure 36 Experimental systematics for gg — ZZ background . . . . . 150

xvii



Xviii

List of Figures

Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure 47

Experimental systematics for gg — ZZ background . . . . . 151
Experimental systematics for signal . . .. .. ... ... .. 152
Combination of 4¢ and 2u searches . . . . . .. ... ..... 157
MC validation plots for gg -+ H = hxx . . . .. .. ... .. 166
95% CL for g¢g —+ H — hxxsearch . ... ........... 167
Inclusive variable comparisons of H — SS/Sh . . . . .. .. 170
Jet variable comparisons of H — SS/Sh . . . ... ... ... 171
ATLAS results for H - SS —4W . .. ... ... ... ... 173
AZH and RSH Feynman diagrams . . . .. ... ....... 174
Kinematics for AZH and RSHmodels . . ... ........ 178
Comparison of H widths in RSHmodel . . .. ... ... .. 181



LIST OF TABLES

Table 1
Table 2
Table 3
Table 4
Table 5
Table 6
Table 7
Table 8
Table 9
Table 10
Table 11
Table 12
Table 13

Fermion contentofthe SM . . . . . ... ... .. .. ..... 8
Higgs interactions after EWSB . . . . . ... .. ... ..... 14
SM Higgs cross sectionsand BRs . . . . ... ... ... ... 18
Results used to constrain pp — H —hxx . .. ... ..... 38
List of heavy resonance search results . . . .. ... ... .. 50
Multi-lepton fthresults . . . .. .. ... ... ... ... ... 65
Decay modes for 2HDM scalarsand S . . . . .. .. ... .. 79
Search channels for 2HDM scalarsand S . . . . ... . ... 82
Comparisons with LHC dark matter limits . . . .. ... .. 93
Multi-lepton ensemble used for fits . . . . .. ... ... ... 105
Summary of multi-lepton fitresults . . ... ... ... ... 124
List of samples for ZZ — 4¢search . . . . ... ... ... .. 135
List of NPs for H — ZZ systematics . . . ... ........ 148

XiX



ACRONYMS

Et — transverse energy

EMisS — missing transverse energy
1 — pseudo-rapidity

(u) — average number of interactions per bunch crossing
ggF — gluon fusion

mT — transverse mass

myy — four-lepton invariant mass
pr — transverse momentum

pp — proton-proton

my, — di-lepton invariant mass
2HDM - two Higgs doublet model

ALICE - A Large Ion Collider Experiment
ATLAS - A Toroidal LHC Apparatus

BEH - Brout-Englert-Higgs
BR - branching ratio
BSM - beyond the Standard Model

CB - Crystal Ball

CERN - European Organisation for Nuclear Research
CL - confidence level

CMS - Compact Muon Solenoid

CR - control region

DM - dark matter

ECAL - electromagnetic calorimeter
EFT - effective field theory

EM - Electromagnetic

EW - Electroweak

EWSB - electroweak symmetry breaking

FCNC - flavour-changing neutral current
FS - full simulation
FSR - final state radiation

HCAL - hadronic calorimeter
HLT - high level trigger

XX



ID - inner detector

ISR - initial state radiation
JO - job options
KS - Kolmogorov-Smirnov

L1 - Level 1
LAr - liquid argon

LEP - Large Electron-Positron Collider

LHC - Large Hadron Collider

LHC-HXSWG - LHC Higgs cross section working group

LO - leading order

MC - Monte Carlo
MS - Muon Spectrometer

N3LO - next-to-next-to-next-to leading order

NLL - negative log likelihood
NLO - next-to leading order

NNLL - next-to-next-to leading logarithmic
NNLO - next-to-next-to leading order

NP - nuisance parameter
OS - opposite-sign

PD - Pixel Detector

PDF - parton density function
PID - particle identification

PS - parton shower

PSB - Proton Synchrotron Booster

QCD - Quantum Chromodynamics
QED - Quantum Electrodynamics
QFT - quantum field theory

SCT - Semiconductor Tracker
SFOS - same-flavour opposite-sign
SLHA - SUSY Les-Houches Accord
SM - Standard Model

SPS — Super Proton Synchrotron
SR - signal region

SS - same-sign

SUSY - supersymmetry

Acronyms

XX1



Xxii

Acronyms

TileCal — Tile Calorimeter
TRT - Transition Radiation Tracker

UFO - Universal FeynRules Output
UV - ultraviolet

VBEF - vector boson fusion
VEV - vacuum expectation value
VLQ - vector-like quark



INTRODUCTION

1.1 THESIS CONTEXT AND METHODOLOGY

At the time of writing, the most recent major discovery in particle physics is that of
the Standard Model (SM) Higgs boson (k). In July of 2012, a particle consistent with
the properties of the SM Higgs boson was discovered by both the A Toroidal LHC
Apparatus (ATLAS) [1] and the Compact Muon Solenoid (CMS) [2] collaborations
at the Large Hadron Collider (LHC).

The discovery was an archetype for one of the natural relationships we find
in science, that is, the relationship between theory and experiment. This is most
succinctly seen in the practical methodology used by the collaborations in order to
make the discovery. A useful variable for measuring the rate of production for the

Higgs boson, used by both ATLAS and CMS, is that of a signal strength:

o,
§= obs (1.1)
0sm

Here, the numerator is proportional to the number of events experimentally mea-
sured for the Higgs production process, while the denominator is proportional
to the expected theoretical prediction thereof. Therefore, the experimental collab-
orations could conclude that a Higgs boson exists in nature if Equation (1.1) was
statistically compatible with the value of 1. In doing so, the theoretical prediction
of the SM Higgs boson was brought to reality by its experimental observation.
More generally speaking, the example in Equation (1.1) reflects a fundamen-
tal principle defined by the scientific method; a process that has moved science
forward over the last few centuries. The core of the idea is that developments in

theoretical structures are driven by experimentally observable evidence through
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o

7

% Theory/

B Model building
[a]

Analysis/
Interpretation

Experiment

Top-down

Figure 1: An illustration of the iterative process that underpins scientific progress. One
typically starts the process in one of the squares, i. e. theory or experiment.

analysis and interpretation of data, while experimental observations develop in
such a way as to test theoretical predictions. This principle is shown in Figure 1.
The iterative process shows how to get from theory to experiment (through sim-
ulations and calculations) and from experiment to theory (through analysis and
interpretation). Since science endeavours to organise and provide explanations for
the observable phenomena seen in the universe, the loop shown in Figure 1 is a
natural consequence for the method by which science is done. Each of the four
categories shown — theory, simulation, experiment and analysis/interpretation —
has a relatively well-defined structure in particle physics, and shall be discussed
below.

The core theory that is currently accepted in particle physics is the SM. Since its
structure is central to this thesis, it will be discussed in detail in Chapter 2. Its
structure is well established, yet still incomplete due to the fact that it cannot ex-
plain several naturally observed phenomena. Therefore, most of the theory done in
particle physics is the development of models beyond the Standard Model (BSM)

in hopes that a certain new physics model can extend our current understanding



1.1 THESIS CONTEXT AND METHODOLOGY

of particle physics. There exist several computational tools that assist with the de-
velopment of these model building efforts. Some of these will be discussed where
necessary in the main content of the thesis.

Simulation in particle physics, which is often referred to as Monte Carlo (MC)
simulation, is a major aspect of the field. As mentioned above, given a model that
is built (whether it is the SM or some BSM physics), one can use a variety of event
generators to simulate what the model would produce in a particle collider like the
LHC. These event generators predominantly rely on an MC integration technique,
such that absolute and differential scattering cross sections can be calculated. Fur-
thermore, processes like the parton shower (PS), hadronisation of unstable quarks
and gluons, and radiation are simulated by certain event generators as well. As
shall be seen, MC simulations play a major role in this thesis, and so the various
tools used will be discussed where appropriate.

In particle physics, an experiment usually refers to a particle collider and/or the
detector(s) that collect the data produced by the colliding particles. In the context
of this thesis, the experiments that are considered are the detectors that collect
data from proton-proton collisions at the LHC. Indeed, the LHC is the largest and
most ambitious particle collider built to date — even arguably the biggest scientific
experiment ever performed in high energy physics. Being a member of the ATLAS
collaboration, most of the experimental work presented in this thesis will relate
to it. However, it shall be seen that the CMS collaboration results are also often
considered, especially in constraining the parameters of the hypothetical model
described in this thesis. The ATLAS detector and LHC shall be described in more
detail in Chapter 3.

The analysis of data, like simulation, is also a major part of particle physics. Tra-
ditionally, an analysis refers to the breaking up of a concept into small pieces and
understanding how the small pieces behave (under the assumption that one can
use the small pieces to recreate the full concept, i.e. synthesis). In particle physics,
this most often involves separating processes into events, each of which usually rep-
resents a single particle collision. Working iteratively with events, quantities can

be calculated and modified according to what is needed, and then the ensemble of
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events can be recombined and visualised using histograms, etc. Analysis can also
involve interpretation of experimental data, which makes use of statistical tools.
Again, there are many computational tools that can be used to do analysis work
and interpretation through statistics. This will also form a large part of the thesis,
and so will be discussed where appropriate.

On closer inspection of Figure 1, one should see that the loop necessarily has
a preferred direction (clockwise). One cannot use experimental data to simulate
a theory, and it would be absurd to assume that analysing a theory could define
experimental data! Note also that theory and experiment are starting points in this
process; simulation and analysis are methods by which one can go from theory
to experiment and vice versa. We can therefore define two different approaches to
doing science: top-down and bottom-up. Using Figure 1 as a reference, bottom-up
means starting with experimental data, and analysing and interpreting it in order
to make a statement about a model or theory, including when experiments observe
new phenomena not predicted by any theory. On the other hand, top-down means
starting by developing a self-consistent theory or model and simulating it in order
to be tested against experimental data.

Neither of these approaches is solely favoured in the pursuit of scientific ad-
vancement. Each approach is strictly one-sided and tends to treat the target as a
passive element of the process, thereby damaging the connection between both
approaches, which is essential to push scientific endeavours forward. A far more
pragmatic method is to incorporate both approaches into a continual and iterative
process around the loop in Figure 1. In doing so, one is far less likely to neglect
the important connection between theory and experiment, and will remain aware
of both throughout the entire procedure. The methodology pursued in this thesis
follows this hybrid iterative approach, and therefore the content of the thesis is

driven both by theoretical and experimental considerations.
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1.2 RESEARCH QUESTION AND THESIS OUTLINE

It is well understood that a Higgs boson was the last “piece of the puzzle” for the
SM, in that there are currently no major undiscovered predictions made by the SM.
With the SM complete, there are currently two major classes of research (or research
questions) in high energy physics. The first involves refining existing measurements
of what is known in the SM, and the second involves searching for completely new
physics that is not predicted. This thesis focuses on the latter, and an appropriate

research question is:

Given the current reach of physics results from high energy physics experi-
ments, to what extent can anomalous features of the data be explained and

constrained by a simplified scalar extension to the Standard Model?

The first part of the research question invokes the “current reach of physics
results from high energy physics experiments,” as well as “anomalous features of
the data.” In particular, this refers to physics results published by the experimental
collaborations at the LHC. The current set of published results are mostly consis-
tent with the SM. However, there are apparent deviations in certain corners of the
phase space; these deviations have been studied at length in References [3, 4, 5].
These anomalies in the LHC data served as the motivation for the construction
of a simplified scalar extension to the SM, which will henceforth be referred to
as “the BSM model,” unless otherwise specified.” Since the model was built from
an interpretation of the data, the process was not straightforward and required
several iterative steps to complete through the hybrid top-down and bottom-up
methodology discussed in Section 1.1.

The initial stages of this process were performed in 2015, and are discussed in
Chapter 4. Here, a simplified model hypothesising the existence of a heavy scalar
H was developed to explain some anomalous data in Run 1 of the LHC. The result
of this study constrained the mass of H to around 270 GeV, with a significance of

30 [3, 6], where one o represents the statistical distance of one standard deviation

1 Informally, the model and its proposed inputs have been referred to in public as the Madala hypothesis.



INTRODUCTION

between the new physics hypothesis and the null hypothesis. The model evolved
towards a more formal structure in 2016 [7], where an additional scalar S was
introduced to explain theoretical problems in the model’s original form. These
developments are detailed in Chapter 5. One key prediction of this development
was the expected production of multiple leptons at the LHC, with and without
additional b-tagged jets. With this in mind, all but one of the model parameters
were fixed and a set of several LHC results in the multiple lepton sector were fit
with the model [4, 5, 8]. The result of this study had shown that the LHC data in
the multiple lepton sector were incompatible with the SM predictions at the level
of at least 8¢. The BSM model was found to perform well with just one degree of
freedom and can be thought of as indirect evidence for new physics at the LHC.
It was also found that the model is made to be too limited to provide a consistent
explanation for certain anomalies in the LHC data, thereby indicating exciting new
prospects for the future development of the model. The bulk of work that produced
these results is shown in Chapter 6.

This thesis also contains work done as part of the ATLAS collaboration, which
relates to the search for a heavy scalar boson. In Chapter 7, the details of the
search for a high mass scalar boson decaying to the four lepton final state are
presented with an integrated luminosity of 79.8 fb~! of data as collected by the
ATLAS detector. A mild excess of events with an invariant mass of 245 GeV can be
seen in the data. This result is considered in the context of the 270 GeV excess
mentioned above, where the potential of H having a large width is discussed.

Concluding remarks are made in Chapter 8.



THE STANDARD MODEL OF PARTICLE PHYSICS

The study of particle physics is centered on the understanding of the properties
of elementary particles and the means by which they interact. Our current knowl-
edge of particle physics is neatly contained in the SM of particle physics. With the
discovery of the Higgs boson in 2012 by the ATLAS [1] and CMS [2] collaborations,
there are currently no particles in the SM which have not been experimentally ob-
served. These experimental apparatus shall be described within the context of the
LHC in Chapter 3, whereas this chapter will outline the theoretical structure of the
SM.

Under the theoretical framework of quantum field theory (QFT), the SM de-
scribes the nature of every field (and therefore every particle by extension) which
has been observed in nature. In QFT, particles are believed to be the result of prop-
agating excitations in a number of fundamental fields that span space and time.
The observation of particles therefore allows us to probe the nature of the fields
from which they emerge, which allows us to further understand the fundamental

constituents of the universe.

2.1 PARTICLES IN THE STANDARD MODEL

To understand the significance of the different particles in the SM, one can divide
them up into two different types: fermions and bosons. These two descriptions
not only make a statement about particle spin, but also the way particles arrange
themselves in large ensembles and interact with each other. This has implications
on the way we perceive and interact with the physical world. However, the particles
in the SM are involved in much smaller scale physics, and allow us to explore the

“invisible” subatomic world.
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Quarks
Up-type Up quark (u) Charm quark (c) Top quark (t)
(23197 MeV) (1.275+0.025 GeV) | (173.2140.87 GeV)
Down-type Down quark (d) Strange quark (s) Bottom quark (b)
(4.8703 MeV) (95 4+ 5 MeV) (4.66 4 0.03 GeV)
Leptons
Charged Electron (e) Muon (u) Tau (1)
(0.51100 MeV) (105.66 MeV) (1776.86 + 0.12 MeV)
Neutral Electron neutrino (v,) | Muon neutrino (v,) Tau neutrino (v¢)
(<2eV) (<2eV) (<2eV)

Table 1: The fermionic particle content currently explained in the SM, with their associated
masses in parentheses. All quoted masses are taken from Reference [9]. The errors
have been omitted for significantly precise measurements.

Fermions have half-integer spin (3, 3, etc.) and have quantum mechanical wave-
functions which are anti-symmetric under an exchange of two such particles, which
carries the implication that two fermions cannot occupy the same quantum state
concurrently. It seems intuitive then that fermionic particles make up the matter
which we are familiar with on macroscopic scales. This is true in the SM, where
our understanding is that matter is almost entirely made up of electrons orbiting
bound states of quarks (that is, protons and neutrons).

The fermionic particles of the SM are listed with their properties in Table 1.
Freely moving leptons are in principle observable in nature, but free quarks are
not. The quarks have been shown to obey a principle called “confinement”, and
naturally cluster up into groups to make hadrons (such as protons, neutrons, pions,
etc.). This is intimately linked to the fact that quarks carry a colour charge (which
is separate from their electric charge), a charge that was deduced from the patterns
by which the quarks tend to cluster [10].

For each fermion in the SM, there exists an equally massive anti-particle asso-
ciated with it, which has inverted internal charges. The fermions in the SM are
chiral in nature and can have left-handed and right-handed projections, a mea-

sure of whether or not a particle’s spin is aligned with its momentum. This is
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with the exception of neutrinos, which are experimentally observed only to be left-
handed [11]. A correct treatment of the chirality of the leptons was made in the
electroweak theory [12, 13, 14], which is discussed in Section 2.2.

Bosons, on the other hand, have integer units of spin (o, 1, 2, etc.), and have
quantum mechanical wave-functions that are symmetric under particle exchange
(i.e. the Pauli exclusion principle does not exist for bosons, and they can form
condensates). In the SM, bosons play the role of interaction mediators.

Three of the fundamental interactions in the SM are responsible for different
forces that have been identified in nature: electromagnetism, the strong nuclear
force and the weak nuclear force. These interactions are associated with the ex-
change of spin 1 gauge bosons that arise from requiring certain symmetries to be
obeyed by nature, known as gauge symmetries. These bosons are therefore also
known as gauge bosons.

The photon () is associated with electromagnetism and the gluon (g) to the
strong interaction; these two particles are massless. The weak interaction is medi-
ated by the massive W= and Z bosons, which have masses of 80.385 4+ 0.015 GeV
and 91.1876 4 0.0021 GeV, respectively [9]. Gravity is believed to be associated with
a spin 2 gauge boson called the graviton. However, there is no experimental evi-
dence that it exists yet.

An additional fundamental interaction in the SM is the Higgs interaction, which
is not mediated by a gauge field. It is rather included by hand as a field that allows
particles to have mass whilst still preserving the existing symmetries imposed in
the SM. The result of this is, as described in the section below, the addition of the
spin zero (scalar) Higgs boson to the SM: a massive particle that has a mass of
125.09 £ 0.24 GeV [15]. The origin of the Higgs boson (and the masses of all known
massive elementary particles) was made clear through the theoretical description

of electroweak symmetry breaking [12, 13, 14].
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2.2 ELECTROWEAK SYMMETRY BREAKING

The early development of the SM had the goal of combining different explanations
of particle interactions using gauge invariance. Quantum Electrodynamics (QED)
could be explained using a theory based on gauge invariance under a U(1) group
symmetry, through which the photon and its interactions emerge, and for Quan-
tum Chromodynamics (QCD) an SU(3) group symmetry produces eight gluons
and its interactions with the quarks through colour charge. Such a theory based
on an SU(N) group is called a Yang-Mills theory [16]. The weak interaction is also
explainable in terms of a Yang-Mills theory. However, there are some caveats which
complicate the description. This section describes these caveats and their solution
through the concept of electroweak symmetry breaking (EWSB).

In order to understand weak interactions, Glashow, Weinberg and Salam (GWS)
introduced what is known as the Electroweak (EW) Theory [12, 13, 14]. The theory
pairs the weak and electromagnetic interactions into one Yang-Mills theory. In the
theory, all of the left-handed fermions are organised into weak iso-doublets (that

is, the components mix with each other under transformations in an isospin space),

u Vy
L = ,and {, = , (2.1)

d -
L L

for the up- and down-type quarks, and the neutral and charged leptons, respec-
tively. The right-handed fermions are treated as singlets, and don’t transform un-
der the EW gauge group: SU(2)1, x U(1)y. The subscript L identifies that the SU(2)
group transformations act only on the left-handed fermion doublets. The Y symbol
refers to weak hypercharge, which is a conserved quantity defined in terms of the

Gell-Mann Nishijima equation [10, 17]:

Y=2(Q- k), (2.2)
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where here Q refers to the electric charge of a fermion and I3 is the third component
of its isospin. The parameter Y is the generator of the U(1) group.

This treatment of the fermions is necessary, however it comes with two unavoid-
able problems. Firstly, the requirement of gauge invariance forces the bosonic me-
diators of the theory to be massless, in the same way that photons and gluons are
massless. It was known from previous work by Fermi, however, that the bosonic
mediators of the weak interaction (the W* and Z bosons) should have a non-
negligible mass [18, 19]. The second problem is related to the rewriting of the
theory in terms of left-handed and right-handed projections of the fermions. Since
the EW theory only applies SU(2) transformations on the left-handed doublets,
one cannot write down gauge invariant mass terms for the fermions, which are
known to be massive. Therefore, the fermions could not have mass terms either.
Remarkably, both problems are solved by the introduction of the Brout-Englert-
Higgs (BEH) mechanism [20, 21, 22].

The BEH mechanism was first proposed independently in the 1960s by Peter
Higgs [20, 21], Francois Englert and Robert Brout [22] who were the first to show
how a gauge field can acquire mass without violating gauge invariance. This the-
oretical discovery was later followed by a similar work done by Guralnik, Hagen
and Kibble [23]. The solution is found in postulating the existence of a scalar field
which has a non-zero vacuum expectation value (VEV), which shall be briefly ex-
plained below.

For illustrative purposes, one could first consider a complex field ¢ interacting
with a U(1) gauge field A*. On introducing the gauge field, one needs to preserve

gauge invariance by embedding A¥ into the Lagrangian as follows:

1
£ = (Dyp)" (D'9) — JEwF" — 155" 0 — A (9°9)*, (2:3)

where F,, = d,Ay, — dyA, and D,, is the covariant derivative D, = d,, — ieA,. We
could denote the first two terms of Equation (2.3) as the kinetic terms of the scalar
field and gauge field, respectively. The other two terms can be thought of as the

negative of a potential V(¢) (i. e. such that £ = T — V). Interactions between ¢ and
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Figure 2: The potential in Equation (2.3) as a function of the real projection of the complex
scalar ¢. A mental rotation of the dashed curve around the vertical axis should
yield a surface that resembles a Mexican hat shape. For this reason, the potential
from Equation (2.3) is often referred to as the “Mexican hat potential.”

A# arise through the covariant derivative, and gauge invariance implies that there
can be no mass term for A¥. Note that since ¢ is complex, it has two degrees of
freedom. The massless gauge boson A also has two degrees of freedom, adding
up to a total of four degrees of freedom manifest in the theory.

From a classical perspective, one might assume that 3% should be positive, other-
wise the theory would predict a tachyon [24]. However, from a quantum mechani-
cal perspective, the particle spectrum produced by the theory can be approximated
by looking at small fluctuations of the Lagrangian in Equation (2.3) around a stable
background. This implies studying the extrema of V(¢), and becomes interesting
when one considers the case when yz < 0, and a non-trivial solution set of vacua
with a VEV v = —”72 can be explored. This can be seen in Figure 2, which shows
only the real projection of the complex field ¢. Any other projection in the com-
plex plane would yield a similar image, and so one could mentally rotate Figure 2
around the vertical axis to understand that the set of minima for the dashed curve

actually forms a circle of points with radius v.
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Now, by shifting the fields such that h = Re(¢) — v and x = Im(¢), we can then
make an expansion around the new vacuum of the theory to study the particle

spectrum. In doing so one will find (omitting all of the interaction terms):
L0, x) = 2 (@) (@h) — A0PHE + 2 (@,0) (0°%) — - FuF + Le20? A4, AP
< /X)_E( 2 )( )_ v +§( yX)( X>_Z uv +§€U u . (24)

One can immediately see that the last term in Equation (2.4) is a mass term for the
gauge field (my = %) which arises from the fact that ¢ took on a VEV. In addition,
there exists a massive scalar boson 1 with mass m;, = v/Av, and another apparent
massless scalar x. It can be shown that x should not be treated as a true particle
in the theory, since it can be removed from the Lagrangian through a simple U(1)
rotation after choosing a fixed gauge; x is known as a Nambu-Goldstone boson [25,
26] and h is known as a Higgs boson. The theory as written in Equation (2.3) has four
degrees of freedom, and after expanding around the vacuum there should still be
four degrees of freedom. Counting the degrees of freedom in Equation (2.4), there
is one for the massive scalar / and three for the now massive gauge field.

The BEH mechanism therefore explains how a gauge field can have mass with-
out violating gauge invariance, and which keeps all of the important dynamical
information introduced by the gauge symmetry in the first place. In the SM, re-
call that the weak gauge bosons should have mass, and that they emerge from the
SU(2)r x U(1)y EW gauge symmetry. In this case, the Higgs field takes the form
of a complex doublet with +1 hypercharge, such that the vacuum is neutral. The
result of applying the BEH mechanism here is that we are left with three massive
gauge bosons (the W* and Z) and the massive Higgs boson (/). In terms of in-
teractions, the Higgs boson can interact with the massive gauge bosons through
h-V-V couplings (where V. = W% and Z). In the SM, the value of the VEV v
can be calculated using known SM parameter values with the relation v = 2%
It is roughly equal to 246 GeV [9]. The photon remains massless, and what re-
mains is the U(1)gm symmetry that defines electromagnetism. We say that the

SU(2)r x U(1)y symmetry is broken.
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Vertex | Coupling strength
hef-f -
h-7-7 g
2
h-W-W My
h-h-7-7 A
27;2
h-h-W-W o
m
h-h-h —gm
2_my
h-h-h-h -85 "%v

Table 2: The interactions and coupling strengths related to the Higgs boson after EWSB.
Here g is the SU(2), gauge coupling.

Recall also that the chirality of the fermions in the EW theory prohibits them
from having gauge invariant mass terms. On applying the BEH mechanism to the
EW theory, it can be shown that the fermions also acquire mass through the non-
zero VEV of the Higgs field. The mixed chiral states have interactions with the
Higgs field through the vacuum, and result in a mass term for each lepton (not the
neutrinos) and the down-type quarks, as well as three-point interactions between
the fermions and the Higgs boson itself. Both of these terms are multiplied by a
Yukawa coupling, which is a free parameter in the theory. The Yukawa coupling
is proportional to the mass of the fermion in question. Whereas the mass terms
for the down-type fermions come naturally, the masses for the up-type fermions
and neutrinos need to be added in by hand, although this can be done in a gauge
invariant way.

The EW theory is said to have two phases. The phase where the SU(2); x U(1)y
symmetry is exact is called the unbroken phase. The broken phase exists after the
process of EWSB, and is the phase that we live in. All the possible interactions
that the Higgs boson has with the SM particles in the broken phase are listed
in Table 2. It is believed that the unbroken phase exists at high energy scales,
and that the running of the couplings in the Higgs field causes the symmetry to
be spontaneously broken when the energy scale is low enough. At the LHC, the
broken phase of the EW theory is studied, and the production of the Higgs boson

is one of the most important processes that can be used to study EWSB.
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Figure 3: The BRs for a Higgs boson in the mass range 110 GeV < m; < 180 GeV. Above
180 GeV, the BRs to the weak vector bosons dominate, until m;, > 2m;, where the
h — tt BR becomes dominant due to the size of the top Yukawa coupling. The
grey dotted line is an indication of the BRs for the SM Higgs boson, which has a
mass of around 125 GeV.

2.3 THE HIGGS BOSON

The Higgs boson is of special importance in this thesis. It is studied in the context
of proton-proton (pp) collisions at the LHC, which is where it was discovered.
In most phenomenological studies, the starting point for understanding a rare
particle production is the calculation of its branching ratios (BRs) and the cross
sections for its different production modes.

The BRs for a Higgs boson, shown in Figure 3 as a function of its mass, largely
depend on the strength of the Yukawa couplings as well as phase space constraints.
The fermionic decay modes all arise from a tree level Yukawa coupling, and so they
are roughly proportional to the mass of the fermion in question. They are also re-
quired to be on-shell, and so the i — tf decay mode would only be possible with

my, > 2m;. The decays to WW and ZZ also arise from a tree level coupling. These
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decay modes become dominant when mj, > 2myy, as can be seen in Figure 3. Below
the kinematic thresholds, these decays are off-shell, and need to be computed un-
der the assumption that the W and Z bosons decay further to all of their possible
decay modes. Finally, the decays to the massless gauge boson pairs as well as Zy
are not possible at tree level since the couplings do not exist in the theory. These
are loop-induced processes, and are therefore suppressed. In addition to this, the
interference between Yukawa couplings and the h-V-V couplings in the loops can
cause further suppression, as is the case for the i — 7y decay mode and in the
production of a single top quark in association with the Higgs boson.

At the LHC the Higgs boson is produced through processes all having partons
(that is, quarks and gluons) in the initial state. This is because we understand
protons as being made up of partons, the relative composition of which can be
deduced from parton density functions (PDFs). At the high energies of the LHC
it is well known that the gluon PDF dominates over the quark PDFs, with the
gluon density being more than 10 times that of any single quark density at lower
momentum fractions [9]. Therefore, the dominant Higgs production mechanism
at the LHC is that of gluon fusion (g¢F). The Feynman diagram for ggF can be
seen in Figure 4a. It is a direct production mechanism, and so the Higgs boson is
usually produced with one or two jets from initial state radiation (ISR). In spite of
ggF being a one loop process, its cross section is enhanced further by the strength
of the top Yukawa coupling (recall that Yukawa couplings are proportional to the
mass of the fermion in question, and the top quark mass is the largest of the known
fermions). The ggF production cross section also gains a small enhancement from
adding contributions in which the b-quark runs in the loop in place of the top
quark.

The dominant associated Higgs production modes include (in decreasing order
of production cross section) vector boson fusion (VBF), vector boson associated pro-
duction (V'h), and top associated production (tth). These are shown in Figure 4c,
Figure 4b and Figure 4d, respectively. The former two production modes are quark
initiated processes. Even though top associated Higgs production is gluon initiated

and contains a strong Yukawa coupling, its production cross section is compara-
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(a) Gluon fusion (ggF). (b) Vector boson associated produc-
tion (Vh).

~~|

q1 8 t

(c) Vector boson fusion (VBF). (d) Top associated production (tth).

Figure 4: Feynman diagrams for the dominant Higgs boson production modes in high
energy pp collisions [27].

tively small due to the fact that top quarks are heavy, and so it is phase space
suppressed.

The unique final state topologies of the different production mechanisms shown
in Figure 4 allow for a relatively robust separation in searches for the Higgs boson
at the LHC. Therefore, measurements of the production cross sections for the indi-
vidual modes can be made through high energy pp collisions. However, it should
be noted that potential BSM production mechanisms of the Higgs boson could
have significant implications for these measurements, as shall be explored later in
this thesis.

The measured mass of the SM Higgs boson is around 125 GeV [15]. For this
mass and a large range of masses around it, the production cross sections and
BRs have been calculated to several orders in perturbation theory and with great
precision. The state of the art calculations are performed at next-to-next-to-next-to
leading order (N3LO) in QCD corrections for both ggF [28, 29] and VBF [30], up
to next-to-next-to leading order (NNLO) with a next-to-next-to leading logarith-
mic (NNLL) resummation for the Vi mode [31] and up to next-to leading order

(NLO) for tth [32]. EW corrections are usually only necessary up to NLO. The most
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Branching ratios

Mode Branching ratio [%]

h — bb 58.09" 125
h— Tt 6.2561 163
h— ufi 0.021717168%
h— cc 2.8841 000
h— gg 8.1801 2430
h— yy 0.2270* 5020
h— Zy 0.15417282%
h— WW 21.521135%
h— ZZ 2,641 2%

Production cross sections

Mode | /s [TeV] | Order | Cross section [pb]
ogF 8 N3LO 21.39t§;‘g§jg
13 N3LO 48.5215%0
VBE 8 NNLO 1.6001322%
13 NNLO 3.779 2150
Wh 8 NNLO |  0.7009*214%
13 NNLO 1.3697195%
Zh 8 NNLO |  0.41991328%
13 NNLO 0.88243 127
- 8 NLO 0.1326 3577
13 NLO 0.5065 5837

Table 3: A summary of the SM Higgs boson production cross sections and BRs, taken
from Reference [33]. All cross sections are calculated with NLO EW corrections,
the “order” column refers only to the QCD corrections. BRs that are significantly
negligible have been omitted. The percentage uncertainty quoted is a quadrature
sum of the various components that contribute to the values” uncertainties.

extensive collection of these calculations has been done by the LHC Higgs cross
section working group (LHC-HXSWG) [33]. A summary of their most updated
calculations for m;, = 125.09 GeV at /s = 8 TeV and 13 TeV is shown in Table 3.
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Controlled particle physics experiments are commonly done with particle acceler-
ators. Fundamentally, particle physics seeks to find the structure of matter at the
smallest scales possible. In terms of dimensional analysis, length is inversely pro-
portional to energy. Therefore small distances can only be probed at high energies.
It is for this reason that particle accelerators are an interesting avenue of explo-
ration in particle physics, since colliding particles are accelerated to high energies.

In order to test the validity of predictions made in the framework of QFT, an
experiment should make a measurement of cross sections. In most cases, scattering
cross sections are calculated and measured from estimating and counting particle
collision events in the accelerator. Therefore, particle accelerators contain collision
points around which detectors are built to identify the remnants of the high energy
collisions.

In this chapter, the particle accelerator and detectors relevant to this thesis are
discussed. Special attention is paid to the ATLAS detector, since it is with this

detector that the experimental work in this thesis is done.

3.1 THE LARGE HADRON COLLIDER

A particle accelerator that consists of two particle beams that travel in opposite
directions and collide at specified points is called a collider. The biggest collider
that has ever been built is currently the LHC [34], a ring-shaped pp and heavy ion
collider based at the European Organisation for Nuclear Research (CERN) on the
Franco-Swiss border.

Along the LHC lie four different collision points, each surrounded by a different

detector. Two general-purpose detectors, ATLAS and CMS, are on opposite ends
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of the ring, and are used to study a wide variety of physics processes. The A Large
Ion Collider Experiment (ALICE) detector is designed to deal mostly with heavy
ion collisions, and the LHCb (b for “beauty”) is used to predominantly study B-
physics processes. Each detector is designed to handle the full design specification

of the LHC, the details of which are discussed below.

3.1.1 Design

The LHC ring is 26.7 km long and was built between 50 and 175 m underground
in the concrete tunnels that previously housed the Large Electron-Positron Col-
lider (LEP) [34]. Its sole purpose is to accelerate charged particles to high energies,
including protons and heavy ions (such as lead or gold nuclei).?

The means by which the charged particle beams are accelerated around the LHC
ring is the energy provided by a multitude of superconducting dipole magnets. A
series of 1232 dipole magnets, each 15 m long, are used to bend the beams and
accelerate them at a fixed orbit size through the synchronised ramping of their
magnetic field (i. e. as a synchrotron would do). This twenty-minute process sees
the magnetic field strength rise from 0.54 to 7.7 T. In addition to the dipole magnets,
392 quadrupole magnets (between 5 and 7 m long) are used to focus the beams.
Finally, a number of higher order multipole magnets are used to “tighten” the
beams around the collision points in order to enhance the probability of collisions.
The magnets are cooled to around 1.85 K with liquid Helium, in order to ensure
superconductivity.

For pp collisions, the source of the beams is a bottle of hydrogen gas. The hy-
drogen is ionised and the protons are split into bunches of an average of 115
billion protons per bunch. When the beams reach the collision points, the bunches
are separated such that collisions happen every 25 ns (corresponding to a fre-
quency of 40 MHz). The instantaneous luminosity of the beams was designed to

be 103 cm~2s71, although during its operation the LHC has reached around twice

Even Xenon-Xenon collisions were studied for a short period. This was done to explore the system
size dependence of physics in heavy ion collisions.
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Proton Source

Figure 5: The systems of the CERN accelerator complex related to the acceleration of pro-
ton beams [34]. Many outlets and injection points not related to proton beams
have been omitted for simplicity. The four primary detectors are represented as
the four pentagons around the LHC ring.

this value. The design specification for the energy of the proton beams is 7000 GeV
each, corresponding to a centre of mass energy (v/s) of 14 TeV. The LHC has never
reached this energy, having only been run at 7, 8 (Run 1) and 13 TeV (Run 2) since
its first official activation in September 2008. However, upgrades to the collider are

yet to be done that may result in it reaching its specified design energy.

3.1.2 The CERN accelerator complex

The procedure through which the beams travelling in the LHC reach such high
energies is through a series of smaller accelerators known as the CERN accelerator
complex [34]. The core systems of the complex that are related to pp collisions are
shown in Figure 5.

The processes undertaken in the accelerator complex for the acceleration of pro-

ton beams to /s = 13 TeV are as follows [34]:
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1. Bottled hydrogen is ionised and separated into bunches before being fed into
the Linacz2 linear accelerator, which is designed for proton beams (LiNAcC3 is

designed for lead ion beams).
2. LiNnAc2 accelerates the beams up to a kinetic energy of 50 MeV per proton.

3. The outlet of LiNac2 is the Proton Synchrotron Booster (PSB), taking the en-
ergy from 50 MeV to 1.4 GeV. The protons then enter the Proton Synchrotron

(PS) and are accelerated to 25 GeV.

4. The final stage before the entering the LHC is their acceleration to 450 GeV in
the Super Proton Synchrotron (SPS). The SPS has two outlets to the LHC, one
for each beam pipe in the LHC. This is because two beams travel in opposite

directions before meeting at the collision points.

5. In the LHC beam pipes, the proton beams are finally accelerated to 6.5 TeV
over a period of 20 minutes. During this time, the magnetic field strength is

ramped up from o0.54 to 7.7 T.

At this stage, the beams are allowed to meet at the collision points, and the result-

ing debris is studied in the detectors.

3.2 THE ATLAS DETECTOR

The ATLAS experiment is an active collaboration that studies pp and heavy ion col-
lisions at the LHC. Over the years, the ATLAS experiment has been a collaborative
effort of thousands of scientists from 182 different institutions around the globe.
The combined research focus is directed towards the refinement of the SM, the
understanding of EWSB, and for BSM searches in the context of the Higgs boson,
supersymmetry (SUSY), and other exotic models. A large portion of manpower is
also dedicated to the maintenance and operation of the ATLAS detector.

The ATLAS detector [35] is (to date) the largest particle detector ever built. It
has a roughly cylindrical shape, and is 46 m long and up to 25 m in diameter. It is

classed as a “general-purpose” detector, and therefore has systems measuring the
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transverse energies of all visible final state particles (electrons, muons, photons and
all hadrons) and tracking the trajectories of charged particles with high resolution.
In addition to its identification of visible particles, the ATLAS detector can be used
to reconstruct missing transverse energy (EIT“iSS) from particle collisions, which can
arise from the production of neutrinos or other hypothetical invisible particles.
This is possible due to the fact that it is a hermetic detector, and therefore can
detect particles scattered effectively up to 47 in their solid angle.3 EI can then
be correctly calculated from the momentum imbalance of the collision.

The ATLAS detector has a modular design. Centered around the beam pipe and
moving in a radial direction outwards, the detector is built from the following
systems: the inner detector (ID), the calorimeters, the muon spectrometers and a
magnet system. The ID is built up of trackers, which can track charged particle
trajectories with negligible energy loss. A solenoid magnet (the inner solenoid) en-
compasses the ID with a magnetic field strength of 2 T; this causes the charged par-
ticles to curve in the R-¢ plane (assuming cylindrical coordinates centered around
the beam pipe). The curvature of these tracks can be used to measure the particles’
momenta. The transverse energy of all hadrons, electrons and photons can then
be measured in the calorimeters, where the energy is deposited into different ab-
sorbing materials. These calorimeters are coupled with specific sampling materials,
which are able to sample the shape of the energy deposit as it creates a “shower”
of particles during its absorption. Muons are able to pass through the calorimeters
without their energy being absorbed, and so a set of muon spectrometers is built
at the furthest point of the beam pipe. A collection of eight large toroidal mag-
nets are used to again bend the trajectories of the passing muons, allowing for a
high-resolution determination of the muons” momenta.

Each of these systems shall be described in more detail below. For reference,
Figure 6 contains a diagram showing a “slice” of the detector in the R-¢ plane
(as though one were looking down the beam pipe), where the relative positions of

each sub-system can be seen.

The hermeticity of the detector is of course not perfect, since particles can still escape along the
beam-line. However, in regions where interesting physics is expected to produce signals, overlapping
detection systems are used to ensure hermeticity.
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Muon
spectrometer

Toroidal magnet

Hadronic calorimeters

2.28m EM calorimeters
Solenoid
1.4m TRT
SCT

Pixel detector

Interaction point

Figure 6: An R-¢ cross-sectional slice of the ATLAS detector, showing the main compo-
nents necessary for tracking and determining the transverse energies and mo-
menta of visible particles.
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3.2.1  Trackers

An efficient tracking system is fundamental to a particle detector, since it allows for
the calculation of charged particle momentum, lifetime, charge and identification
(what kind of particle it is, as based on its mass). Among other things, the tracks
left by charged particles can be used to associate charged particles to reconstructed
objects, determine where a primary vertex occurred in the geometry of the detector,
as well as provide important information about the nature of different jets (if they
originated from a B-hadron, for instance).

The final state particles that result from high energy collisions at the LHC travel
close to the speed of light (with the exception of photons, which travel precisely at
the speed of light). Given this fact, the equalities derived from relativistic mechan-
ics can be used to determine particle properties. Under a magnetic field, a charged
particle will be accelerated perpendicular to the directions of its motion and the

magnetic field, according to the Lorentz force law:

L
I
)
Q
X
joot)

(3-1)

Having measured the curvature of a charged particle’s trajectory, the transverse
momentum (pr) can be calculated. In practice, a sagitta is measured, which is the
distance from the arc of a particle’s trajectory to the geometrical chord that sub-
tends the full trajectory. From the sagitta, an uncertainty can be calculated and
propagated for the pr of the particle.

Several important parameters of a particle’s creation and motion can also be
determined using information from the tracking system. Using the helix equation,

one can determine a set of five “helix” parameters:
e dy — the transverse distance of a particle’s closest approach to the beam pipe,

e zp — the longitudinal distance from the interaction point to the particle’s ori-

gin,
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o ¢ — the azimuthal angle of the particle’s track at the point of closest approach

to the beam pipe,

e cotf) — where 6 is the polar angle of the particle’s motion with respect to the

beam pipe, and
e g/p — the particle’s charge to momentum ratio.

The distance and angle parameters listed above can be used to determine the pri-
mary vertex of a particle, and can also be used to cut out anomalously formed
particle tracks based on the resolution up to which they can be measured.

The ATLAS inner detector [36, 37] contains three such tracking systems, starting
as close as a few centimeters radially out from the beam pipe, and ending with
the inner solenoid 1.4 m away from the beam pipe. Each of the trackers is placed
under the constant magnetic field of 2 T provided by the inner solenoid [38].

Pixel Detector — The Pixel Detector (PD) [39] is the innermost detecting com-
ponent of the ATLAS detector. It consists of three layers of side-by-side 2 x 6 cm
modules, with 1744 modules in total. Each module contains a silicon board with
a thickness of 250 ym with 47000 pixels of dimension 50 x 400 ym. The PD reads
out data to 8o million different channels, which is about half of the total read-out
for the entire detector.

Semiconductor Tracker — The Semiconductor Tracker (SCT) works in a similar
manner to the PD, with the exception that is constructed from long strips of track-
ing silicon boards. These strips are 80 ym x 12 cm in dimension, and the entire
SCT is made from four layers of paired strips. The purpose of the SCT’s use of
long strips is to enhance the precision of tracking the curvature of charged parti-
cles further away from the PD, where the particles would be more spread out.

Transition Radiation Tracker — The final tracker in the ID is the Transition Radi-
ation Tracker (TRT). The TRT is made up of two main components: a straw tracker
and a material used for the production of transition radiation. A straw tracker is
a tracker made up of a large number of thin tubes (also known as “drift tubes”)
used to signal the presence of a passing particle in a similar fashion to a Geiger

Miiller tube. The tubes are filled with an inert gas and a wire passing through the
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middle, with a voltage of 1500 V between the tube wall and the wire. When high
energy particles pass through, they ionise the gas and the large voltage creates an
avalanche of electrons directed towards the wire, thus initiating a signal. The ma-
terial in between the tubes creates transition radiation, adding to the ionisation of
the tubes to make a stronger signal. Only charged particles create transition radia-
tion, and therefore the TRT only tracks charged particles. The entire TRT is made
of ~ 300 000 straws, each 4 mm in diameter and up to 144 cm in length depending
on their location. The straws that create a signal are used to reconstruct the tracks

of passing charged particles.

3.2.2  Calorimeters

After passing through the trackers unperturbed, all of the visible particles trav-
elling through the detector (except for muons) are forced to deposit their energy
in one of two calorimeters. Both calorimeters are “sampling calorimeters”, which
means that they are made of at least two materials: an absorption material for ab-
sorbing the bulk of the particle’s energy, and a sampling material that absorbs the
shower of particles created during the absorption. The measurement of shower
shapes is an important part of identifying particles in an offline analysis. The
calorimeter deposits carry no information about the momentum of the particles,
and therefore can only provide a measurement of a particle’s transverse energy
(Et).

Electromagnetic Calorimeter — Particles that interact predominantly through
electromagnetic interactions are detected in the Electromagnetic (EM) Calorime-
ter [40]. These are mainly charged particles (electrons are an important example)
and photons. The absorption materials used are lead and stainless steel arranged
in an accordion shape. The sampling material used is liquid argon (LAr); for this
reason the calorimeter is most often referred to as the LAr calorimeter. To keep the
Argon in the liquid phase, a cryostat at the edges of the material is used to keep
its temperature at around go K. The EM calorimeter has a high resolution, and can

distinguish energy deposits within a polar angle of 1.4° [40].
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Hadronic Calorimeter — The remaining hadrons are then absorbed in the
Hadronic Calorimeter [41]. Here the absorbing material is steel and the sampling
material is made of plastic scintillators. In the central region the materials are ar-
ranged as tiles, and therefore the calorimeter is called the Tile Calorimeter (TileCal).
The entire TileCal is 8 m in diameter and 12 m long. At the end-caps is a forward
hadronic calorimeter, situated in the EM cryostat. This is necessary because the
forward calorimeter uses LAr as a sampler, while copper and tungsten are used as

absorbers.

3.2.3 Muon spectrometer

After the Hadronic Calorimeter, only muons should still be travelling radially out-
wards since all other particles should have previously been absorbed. For this
reason, a set of muon detectors exist on the outermost layer of the ATLAS detector,
known as the Muon Spectrometer (MS) [42].

The MS acts as a large tracking system, and therefore is drenched in a non-
uniform magnetic field provided by three large superconducting toroidal magnets.
These magnets are made through the combination of eight barrel loops and two
end-caps. Similar to the trackers in the ID, the MS provides information about
muons passing through with high-resolution. There are 1 200 chambers through-
out the system, each linked to specially designed triggers (this is discussed in

Section 3.2.4).

3.2.4 Trigger system

The ATLAS detector was designed to manage around one billion pp collisions
per second. If one considers all of the information recorded by the trackers and
calorimeters, this adds up to an exceptionally large data volume needed to be
recorded per second. Clearly the magnitude of this amount is too big to deal with

for long-term storage and offline analysis. However, the number of collisions that
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are of interest to the analysers of the data is a small fraction of the total number
of collisions. Therefore, the collisions can be filtered, such that only the interesting
collisions are kept.

The method by which this is done in ATLAS is by using a trigger system. The
Run 2 trigger system [43] is made up of a Level 1 (L1) trigger [44] followed by a
high level trigger (HLT) [45].

The L1 trigger operates through hardware, since it is required to make filtering
decisions within 2.5 us. It outputs “regions of interest” using information from the
calorimeters and MS, using simple electronic logic gates to make decisions. These
regions of interest are used in the HLT as inputs. The L1 trigger reduces the rate
of collisions that pass from 30 MHz to 100 kHz [43].

The HLT, on the other hand, is largely software driven. It comprises of three
sub-components: the L2 trigger, the Event Filter, and the Event Selection Software.
Using the L1 regions of interest, the HLT makes use of all of the event information
to make filtering decisions. Being software based, several more complicated algo-
rithms can be used to determine what type of event the collisions are. On average,
the decision process takes around 200 ms per event, and this results in a further
event frequency reduction of around 100 times. At this point, events are recorded

at about 1 kHz and can be stored for use in offline analysis [43].

3.2.5 Running conditions

One of the biggest challenges in reconstructing pp collisions is that of mitigating
the effects of pile-up. Pile-up is an inescapable process at the LHC, and results
from multiple interactions in a single bunch crossing during a collision event. This
typically results in the production of additional jets that have a low pr and a
high pseudo-rapidity (17). The intensity of pile-up is usually given in terms of the
average number of interactions per bunch crossing ({y)), which had a value of 33.7
for the entire LHC Run 2 data taking period [46]. ATLAS has constructed novel

techniques for the rejection of pile-up jets, which have rejection rates between 49%
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and 67%, while maintaining an 85% efficiency for reconstructing jets from the hard
scatter process [47].

In terms of the total luminosity collected for the LHC Run 2 data taking period,
out of the 156 fb~! that the LHC delivered, ATLAS was able to record 147 fb~! [48].
Of this data volume, 139 fb~! are considered good for physics analyses, thereby

corresponding to an 89% efficiency for data taking during the entire Run 2 period.

3.3 THE CMS DETECTOR

While the CMS detector is not of primary importance in this thesis, it is still worth-
while discussing it. This is because many of the results that ATLAS produce are
done concurrently with the CMS detector and, therefore, statements about exper-
imental observations can be strengthened by considering a combination of both
data sets.

The CMS detector [49] is another general-purpose detector at the LHC, situated
at the opposite end of the LHC ring with respect to the ATLAS detector (see Fig-
ure 5). It weighs 14 ooo tonnes, is 15 m in diameter and has a full length of 28.7 m.
Its modular structure is designed similarly to the ATLAS detector, although em-
phasis was placed in its design to utilise a large solenoid magnet (the largest ever
constructed) to make the detector more “compact”.

The solenoid magnet produces a 3.8 T magnetic field, and surrounds both the
trackers and the calorimeters (unlike the ATLAS detector, in which the inner
solenoid only surrounds the trackers). This magnetic field is contained by an ex-
tremely heavy “return yoke” made of steel. This yoke also provides structural
support for the entire detector.

Radially outwards, the innermost part of the detector contains silicon trackers
— first in the form of pixels and afterwards as silicon strips. Thereafter, a special
layer called the “preshower”, which contains lead and more high-resolution sili-
con trackers, is used to initiate EM showers. This is used to provide information

0

for 7’ — <7 decays, such that they can be rejected in favour of prompt photon

production (which more often relates to interesting physics events).
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Following the preshower are the electromagnetic calorimeter (ECAL) and the
hadronic calorimeter (HCAL). The ECAL is made of lead tungstate (PbWOy),
which is primarily metal. However, its oxygen content enables it to act as a scin-
tillator, and therefore the energy deposits are measured through the detection of
the scintillated photons. The HCAL, on the other hand, is a sampling calorimeter
(similar to the TileCal) where steel and brass are used as absorbers and plastic
scintillators are used as samplers.

One of the hallmarks of the CMS detector is its accurate muon detection system.
Inter-weaved with the steel yoke is a series of complicated tracking systems. These
consist of drift tubes, cathode strip chambers and resistive plate chambers. The
latter two components also act redundantly with the CMS trigger system, in order
to provide information about whether or not the event is considered “interesting”

and should be stored for analysis.

3.4 THE ALICE AND LHCB EXPERIMENTS

While the ALICE and LHCb experiments have no direct influence on the research
done in this thesis, they are still an important part of the LHC programme. Each
experiment runs operations on their own detector on the Southern side of the LHC
ring.

The ALICE experiment [50] is the largest collaboration based at CERN that is
focused primarily on the collisions of heavy ions. The majority of their data-taking
occurs when the LHC accelerates two colliding beams of lead ions (Pb-Pb colli-
sions) or one beam of lead ions and another of protons (p-Pb collisions). These
collisions result in a high multiplicity of final state particles dominated by differ-
ent types of hadrons, which are identified by ALICE’s time-of-flight detector. Along
with particle multiplicity, another key observable considered in these collisions
is centrality, which is a measure of the momentum asymmetry in the direction
along the beam pipe. This correlates strongly with how peripheral the individual

collisions are. One of the largest research interests for ALICE is studying the quark-
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gluon plasma, a state of matter that was hypothetically abundant during the early
stages of the universe.

The LHCb experiment [51] also partially seeks to shed light on a question related
to the origin of the universe: the question of CP-violation and therefore the matter-
antimatter asymmetry in nature. Speaking more generally, the LHCb experiment
focuses its research on studying the properties and decays of B hadrons. This is
done with a forward-biased detector that primarily studies bb production, one of
the most prevalent processes in the high energy collisions at the LHC. In general,
B hadrons decay to Kaons, the properties of which first displayed CP-violation in
nature through a Nobel prize winning experiment by James Cronin and Val Fitch
in 1980 [52]. LHCD is also interested in the observed anomalous rates of B hadron

decays, known as the “B-meson anomalies” [53].
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At the end of Run 1 of the LHC data taking, several of the features related to
the production of the Higgs boson appeared to show mild deviations for the SM
predictions [3, 6]. Of particular interest at the time was the apparent enhancement
of the Higgs boson pt spectrum in the range below pr ~ 100 GeV, slight devia-
tions in the search for VV and hh resonances around a mass of 275 GeV, and the
systematic enhancement of the production rates for a Higgs boson in association
with top quarks. None of these results on their own was significant enough to be
considered as potential new physics. However, it was believed in 2015 that each of
the aforementioned deviations could be explained simultaneously under a single
hypothesis with only one degree of freedom [3, 6]. This was the starting point for
the BSM model that is developed throughout this thesis.

The hypothesis was that a heavy scalar boson H existed with a mass of around
275 GeV (where the heavy resonant searches had shown slight excesses), and that
H decayed preferentially to the Higgs boson in association with some as-yet un-
specified particles X (i.e. H — h 4 X). The specific content of X was studied under
a number of different hypotheses — including EXS, leptons and jets — that are ex-
plored in the next few chapters. The Higgs boson as a result of this decay would
be boosted to higher values of pr depending on the four momentum of X, thereby
potentially explaining the excess in the Higgs pr spectra. The nature of H was
assumed to be somewhat Higgs-like, and therefore its primary production mode
is g¢F. This assumes a Yukawa coupling (at least between H and top quarks) and
therefore also assumes top associated H production, as can be seen for a Higgs-like
particle in Figure 4. The hypothesis could therefore shed light on the enhancement

of the top associated Higgs production rates. The t-t-H Yukawa coupling was also
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assigned a scaling factor to control the production rate of H, this being the only
degree of freedom in the hypothesis with a fixed mass of H.

The task at hand was to first construct a simplified way of explaining the appar-
ent deviations in the Run 1 data sets. This first approximation was a bottom-up
study that involved the production of H through ggF and in association with top
quarks, with the prominent decay mode producing the Higgs boson in associa-
tion with dark matter (DM). The methodology and results of this procedure are
discussed in Section 4.1. As more data were released by the experimental collabo-
rations, the compatibility of the simple hypothesis was re-established with larger
data sets, as discussed in Section 4.2.

With the first approximation in place, the bottom-up study turned towards a top-
down study, where the new goal was to try and formalise the simple hypothesis
discussed here. This was achieved by embedding H in a 2HDM and introducing
another scalar mediator S. With this in place, the construction of the new physics
model could be completed by laying out a set of predictive search channels. These
could then be used for the purpose of studying the feasibility of the model (or ex-
tensions) which would predict similar final states. This procedure is presented in
Chapter 5. The process of iterating through bottom-up and top-down studies has
been an important means of developing the BSM model, as mentioned in Chap-

ter 1.

4.1 SIMPLIFIED PRODUCTION IN ASSOCIATION WITH DARK MATTER

As stated in Section 1.2, this thesis is primarily concerned with the construction
and validation of a scalar extension to the SM. The BSM model considered in this
research was inspired by some of the ATLAS and CMS results from the limited
data sets that were available after Run 1 of the LHC. Since its initial inspiration in
2015, the LHC has been active in producing more data available for analysis by the
experimental collaborations. It is therefore important to note which experimental

results served as an inspiration for the construction of the model, and which results
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were used to constrain the parameter space of the model. The distinction is made
in Section 4.2.

It was clear at the time that trying to study such a scenario with an ultraviolet
(UV) complete theory would not be useful, since it would only be an exercise in
trying to constrain a large theoretical parameter space, instead of finding a single
unifying explanation for the anomalous experimental results. Therefore, a simpli-
fied effective field theory (EFT) approach was adopted to introduce the new heavy
scalar H. The approach that was adopted (and which was detailed in Reference [3])
was to make the simplified assumption that H should be able to decay into the
Higgs boson in association with a pair of DM particles.

In order to describe the shape of the Higgs pr distribution, it was necessary to
introduce decays in which at least one & is produced, H — hh and hy), where x
was a DM candidate, leading to the production of the Higgs boson in association
with missing energy. The considered mass range for H was between 250 GeV and
350 GeV, since anything heavier would dominantly decay to tf and anything lighter
wouldn’t have any decays to hh, which were not excluded at the time of this study.
The DM decay was later realised through the decay of some intermediate particle,
which shall be discussed in Chapter 5. In either case, a distortion of the Higgs pr
spectrum was an initial driving force for the construction for the model.

The enhancement of top associated Higgs production (discussed in Section 4.2.3)
also has an explanation in this narrative. The new boson would naturally be
produced in association with top quarks, through the assumption of it having
a Yukawa coupling with the top quark. In addition, with a small h-V-V coupling,
the effect of negative interference in single top associated production is suppressed,
and one would expect a larger cross section for a heavy scalar being produced in
association with one or two top quarks. These effects provided an explanation for

the excesses which were seen in the data at the time.
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4.1.1  Simplified formalism

The features of the data that were intended to be explained can be treated in such a
way that they are purely due to BSM physics. Therefore, a scenario was proposed
that is a pure BSM extension to the SM, allowing that the following could be

written:

L = Lsv + Lpswm, (4.1)

where all of the new interactions and states are encoded in Lggy.

The simplest approach was to treat the new interactions as arising from effective
couplings. The Higgs boson h was assumed to have normal SM interactions with
the fermions and gauge bosons. The sectors of the proposed BSM Lagrangian in-

volving the new scalars (omitting the usual mass and kinetic energy terms) include:

Lpsm D Ly + Ly + L1+ Lq, (4.2)

where the terms Ly, L1 and Lq are the Yukawa, tri-linear and quartic interactions

relevant for this approach, respectively. These sectors are defined as follows:

1
L= 7 Bsion GuG'"H + By VuV'H, (4-3)
1 _ -
L=-p [y”HttH n yhbebH], (4.4)
1
Lr = = 0[Ay Hlth+ A, o+ Ay Hxx, (45)

1 1
Lq = =5y, Hhixx — E)LHHhhHHhh

2
1 1
- ZAthXthX - EAHHXXHHXX/ (46)

where H and ) denote the heavy scalar and the DM candidate, respectively (the
latter is assumed to be a scalar for illustrative purposes), and v = 246 GeV is
the VEV that is responsible for the W- and Z-boson masses. This can be looked
upon as a variant of Higgs boson portal scenarios [54, 55, 56]. This Lagrangian

could in principle emerge as an effective theory after EWSB in any gauge-invariant
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\

Figure 7: The leading order production mode of ki comes through the decay of the H bo-
son. This is the representative Feynman diagram as described by Equation (4.6).

extended scalar sector. The second term in Equation (4.3) is summed over the
weak vector bosons Z and W=, and the « factors are the SM-like couplings, with
ng = s/ (37v) and KM ~ m3, /v.

The gauge quantum numbers carried by H were deliberately not specified in
this case; it was merely postulated that the above terms remain after EWSB. The
parameter ﬁgxfg[ is set to be the strength of the effective ¢g-¢g-H coupling. In sit-
uations where there are no additional effects over and above the top-mediated
triangle diagrams contributing to this effective interaction, B, = y,,, /vy, where
Y,,, is the SM top Yukawa coupling. There would also be a similar relation for the
bottom Yukawa coupling y,,.,, but this has been counted as negligible since the
effect of bottom quarks in ggF loops is small. The production of H is made to oc-
cur through ¢gF and its rate can therefore be controlled by varying B,. Likewise,
the H-V-V couplings can be tuned by varying B,. While these parameters do have
deeper theoretical implications (with regards to gauge invariance, unitarity, etc.),
it should be mentioned that these features can only be properly dealt with once a
full theory is known. The effective model described here should by no means be
treated as a full theory; rather its phenomenological consequences were used to
explain what was seen in experimental data at the time.

Within this simplistic framework, one expects the process pp — H — hxx to
generate an enhanced pt owing to the fact that 1 now recoils against a pair of in-
visible particles. Assuming the ggF production of H, the leading order production
mode of hyx comes from the decay process shown in Figure 7. The presence of an

H-x-x coupling opens the potential for detecting invisible decays of H following
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Result Publication Nyof
ATLAS | K 8 dh— ZZ* — 4 8+4

Higgs boson pr spectra — oy 58land i — — 401591 +
CMS h— gy [60] and h — ZZ* — 40 [61] 6+4

Di-Higgs boson ATLAS | g — b — bbrt, yyYWW*, yybb and bbbb [62] 1

hy - -
resonance searchies CMS H — hh — yybb [63], bbTT [64] and multi-leptons [65] | 1+1+1

h =y [66] 2
Top associated Higgs ATLAS ) _
boson production Multi-leptons [67] and h — bb [68] 1+1
CMS I — 7, h — bb and multi-leptons [69] 6
ATLAS
H — VV decays H — WW [70] and ZZ [71] 1+1
CMS H — WW and ZZ [72] 1+1

Table 4: An ensemble of the experimental results which were available at the time when
the relevant parameters in the effective production of pp — H — hx)x were con-
strained. Since the study was conducted before the first Run 2 results were pub-
lished, all of the results listed here are from Run 1. In the interest of being as
unbiased as possible, these results were selected regardless of whether they hint
at physics beyond the SM. Note that updated results have since been released for
several of these measurements, however the references here point to the results
used when the study was conducted.

the methodology suggested in Reference [57], although this was not the focus of

this study.

4.1.2  Methodology for constraining the model

In order to test the simplified model described above, an ensemble of results was
constructed based on the final states in which the model would predict a signal.
Many of these results served as an inspiration for the model, and are therefore
discussed in Section 4.2. A list of the LHC results used to constrain the model
in terms of the mass of H (mp) and the rate of its production (controlled by ﬁ;)
is shown in Table 4. Several of these results have since been updated with newer
developments from the experimental collaborations. However, in this section the
focus is rather to present the constraints on the model at the time of its formulation
in 2015; this was the starting point for the developments that are discussed later in
this thesis. Tests of compatibility with the newer data sets are shown in Section 4.2.

In terms of astrophysical observables, major constraints on the Lagrangian pa-

rameters stem from the observations of the relic density of DM [73] and the DM-
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nuclei inelastic scattering cross sections [74]. The computations relating to these
DM constraints in the model were carried out using micrOMEGAs [75]. The con-
straints are controlled by the two model parameters m, and Ay, . It is found that
both of the constraints can simultaneously be satisfied for a narrow choice of the
parameters 1, ~ [55 — 60] GeV for very small Ay, ~ [6-107%,6-1073] [76]. This
keeps the invisible decay width of & well within the observed limits. The observed
limits for the h — xx BR are 26% and 19% as measured by ATLAS and CMS,
respectively [77, 78]. Other model couplings remain unconstrained by these obser-
vations.

Fitting the Run 1 ATLAS and CMS Higgs pr spectra with the BSM prediction
was accomplished as follows. For BSM predictions, the simplified model described
above was built using FeynRules [79] and then passed to the Universal FeynRules
Output (UFO) [80] such that event generation could be performed at leading or-
der (LO) in MadGraph5_aMC@NLO [81]. Events with the hxx and hh final states were
generated from pp collisions through an H s-channel, and showered appropriately
using Pythia 8.2 [82]. Since the ATLAS and CMS Higgs boson pt spectra were
constructed from fiducial volumes in phase space, it was important that BSM pre-
dictions went through the same event selection. This was accomplished in the
Rivet [83] analysis framework. The pr spectrum of H was re-weighted to NLO
with a re-weighting function derived from comparing an NLO calculation using
OneLOoP [84] in MadGraph5_aMC@NLO with the result obtained just with the LO pre-
diction and the shower. Overall, the LO prediction with the shower does a reason-
able job, matching the NLO prediction with less than a 20% shape discrepancy
over the full pr spectrum. The effect of the these corrections on the transverse
momentum of the Higgs boson from the decay of H is small and it consists of a
positive shift of about 3 GeV. It is, however, important to note that the jet multi-
plicity of the H boson in this setup is significantly larger than that characteristic to
h. This implies a significant reduction of the jet veto survival probability. The to-
tal LO cross section of the BSM prediction was enhanced to NNLL+NLO through

multiplication by a k-factor determined from Reference [33].
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For the SM Higgs pr spectrum, the g¢F Higgs pr spectrum was generated at
NLO using the MINLO HJ code [85]. The predictions of the other less prominent
Higgs boson production modes (VBF, Vh and tth, which are collectively referred
to as Xh) were taken directly from the ATLAS and CMS Higgs pr spectrum figures.
The bulk of the production cross section is in the intermediate range of Higgs pr,
where ggF is the dominant production mechanism. For ggF, QCD radiative cor-
rections play a critical role in generating pt for the Higgs boson. The MC used
to simulate ggF describes the Higgs pt differential distribution at NNLL+NLO.
Results on the NNLO corrections on ggF +1j production indicate that, although
moderate, corrections are still significant [86, 87]. NNLO corrections with respect
to NLO can be as large as 25% in the range of interest. In order to accommodate
these corrections, a conservative approach was implemented. The Higgs pr distri-
bution with pr > 30 GeV was corrected with the NNLO/NLO k-factors provided
in Reference [86]. The MC described above was normalised to the total ggF cross
section at NNLO+NNLL from Reference [33]. It has since been shown that the total
g8F cross section at N3LO is indicative of small N3LO/NNLO k-factors and scale
variations [29]. For this reason the cross section with pr < 30 GeV (i.e. the region
not covered in the prt spectrum from Reference [86]) was re-scaled appropriately
so that the total cross section matches the total cross section at NNLO+NNLL. The
scale uncertainties assumed in this analysis remain at NNLO for the total cross
section and at NLO for the prj, while the PDF uncertainties were conservatively
taken from Reference [33].

The results related to top associated Higgs production were also included to
provide constraints to the model. Associated th production in the SM is suppressed
due to the negative interference induced by the relative sign of the Yukawa and h-
W-W couplings [88]. If the H-W-W coupling is relatively suppressed, this negative
interference is reduced, and so the tH cross section becomes comparable to that
of ttH production. For this reason, B, was set to a small value (order of 10~3)
and tH cross sections were determined at LO in MadGraph5_aMC@NLO. These cross
sections were enhanced to NNLL+NLO by multiplying by an appropriate k-factor,

and were then combined with ttH cross sections from Reference [33]. For the mass
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values of the heavy scalar considered in this thesis the combined cross section from
tH and ttH reached a value as high as 25 fb at /s = 8 TeV.

Constraints on the parameters B, and my were calculated with a statistical com-
bination of results using Pearson’s chi-square [89] as a test statistic. For results that

provide measurements of a quantity y, this is calculated as:

N2

Vpred H i)bs
,upred Z < 2 ) (4.7)
i Ap')
where here “pred” and “obs” refer to the predicted and observed quantities, re-

spectively, and Ay is the total uncertainty. The chi-square is additive, and sums

over the i independent measurements. In the case of combining results that are

95%,i

limits, one can extract the observed and expected limits (denoted as u ] and
;42%"’ , respectively) and use them in a similar way:
2
' 95%,i _, 95%,i
<V;;>red [P’obs ~ Hexp D
Vpred Z . (4-8)

1 (h2 1. 96)

The details of this method will be explained in Section 4.2.1.1. Using Equations (4.7)
and (4.8), a combined chi-square was constructed by adding up the contributions
from all of the results presented in Table 4. In the case of the Higgs pr spec-
tra, one unit of chi-square is calculated per bin. Firstly, the BRs of H — hh and
H — VV were fixed by minimising a chi-square determined from experimental
results. All of these BRs were used as inputs for a combined chi-square, which
was calculated while floating the free parameters B, and mpy. For each mass point,
B¢ was marginalised such that the combined chi-square was minimised. Errors on
marginalised parameters were calculated from identifying the points in parameter
space which differ by one unit of chi-square above and below the minimised value.

The technicalities of the fitting process are as follows. In the minimised global
chi-square different values of mpy are treated as different hypotheses. This was
done using a scan of mass points, starting at mpg = 260 GeV (since no di-Higgs

search from Table 4 considers values smaller than this) and going up in 5 GeV
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Figure 8: The dominant BRs for a Higgs-like boson in the mass range between 250 GeV and
350 GeV [33]. At these masses, the decays are dominated by H — V'V decays. The
slight decrease shown near to 350 GeV is a result of the mass coming close to the
2m; threshold, where H — tf decays would become dominant.
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steps until 320 GeV. Points in between these were reached by an interpolation. The
other parameters of the model were fixed by a number of constraints. Firstly, the
branching ratio of H — hh was set to a value that is fit against the current di-Higgs
boson resonance search limits set by ATLAS and CMS. Secondly, the branching
ratio of H — V'V was determined in the same way using ATLAS and CMS limits
from searches for H — V'V at high masses. An additional constraint was applied
that fixes the ratio of the H -+ WW and H — ZZ BRs such that the ratio is SM-like
(shown in Figure 8). Doing this indirectly constrains the associated couplings in
Equation (4.3) and Equation (4.5). The remainder of the decay of the heavy scalar
is assumed to be H — hxx. Finally, the parameter B, was constrained by fitting the
ATLAS and CMS Higgs boson pr spectra, as well as results from top associated
Higgs boson production processes. There may exist other decay modes, such as
H — xx, although these other decays were not considered here. Adding in other
decay modes would not change the final results of the analysis, however it would
arguably allow for further constraints on the parameter f,.

The number of degrees of freedom in the calculation of the global chi-square
comes from the addition of all the channels mentioned in Table 4. The contribu-
tion from each channel is given in the third column of the table — this number refers
to either the number of bins in a distribution (for example, the ATLAS h — 7 pr
spectrum contributes 8 units), or the number of measurements/limits which were
categorised and presented in the publication (for example, the ATLAS di-Higgs
combination only contributes 1 unit since the combined limit is a single number
etc.). The marginalised parameters in the fit do not contribute towards the number
of degrees of freedom, and different masses are treated as different hypotheses.
The only free parameter in the model (per mass hypothesis) is therefore B,. There-
fore, adding up the numbers in Table 4 and subtracting a unit gives a total of 39

degrees of freedom.
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Figure g: Fits to the fiducial differential distributions of the Higgs boson transverse mo-
mentum using the ATLAS di-photon (top left), the ATLAS h — ZZ* — 4/ (top
right), the CMS di-photon (bottom left) and CMS h — ZZ* — 4{ (bottom right)
decays (see text for detailed description). The mass points considered here are

the best fit values of my = 60 GeV and mpy = 270 GeV.
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4.1.3  Fit results and discussion

When calculating and minimising the chi-square described above, it was found
that the lower values of mpy fit the experimental data better than the higher values.
Out of the mass points considered, the mpy = 270 GeV point was able to minimise
the chi-square value to the smallest value. This point was determined using the

best fit values of the BRs:
e BR(H — hh) = 0.030 &+ 0.037,
e BR(H — ZZ) = 0.025 £ 0.018,
e BR(H — WW) = 0.057 + 0.041.

The parameter 3, was best fit at the value of 1.5 £ 0.6. The errors on these quantities
correspond to a 1o deviation from the mean value.

An indication of this parameter’s best-fit value on the ATLAS and CMS pr spec-
tra can be seen in Figure 9. The fits to the pt spectra were also able to constrain the
mass of the DM candidate; for my = 270 GeV, m, was best fit at 60 GeV. This is rel-
atively close to my, /2, which naturally leads to the suppression of the h — xx BR
and is consistent with current direct search limits. In Figure 9, the filled band cor-
responds to the total SM-only prediction. The width of the band indicates the size
of the systematic uncertainties on the ggF process, according to the conservative
scheme discussed in Section 4.1.2. These uncertainties are incorporated in the chi-
square, and are folded into the statistical uncertainty by adding both in quadrature.
The dotted line shows the contribution from the H — hxx and H — hh processes.
The solid line corresponds to the sum of the SM and BSM components.

When interpolating between mass points, the combined minimised chi-square
is found to be smallest at the value my = 272 GeV, with upper and lower errors
being 12 GeV and 9 GeV, respectively. This can be seen in the top of Figure 10
where the solid blue line shows the lowest value of the minimised chi-square, and
the dotted blue lines show a 1o deviation from the value. The minimised value

of chi-square has a lowest value of 0.72 per degree of freedom in the fit. In terms
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of significance, the enhancement of the SM+BSM hypothesis compared to the SM-
only (null) hypothesis is calculated as the difference in chi-square values for the

two hypotheses,

AX* = Xém — XmeBsM- (4.9)

For one degree of freedom, the significance is the square root of Ax?. When com-
paring the two hypotheses, the improvement in explaining experimental data just
surpasses a 3¢ effect at the best-fit point, as can be seen in the bottom of Figure 10.
In this figure, the large significance around mpy = 260 GeV can be attributed to
the large pp — H — hh cross sections in most of the ATLAS and CMS di-Higgs
boson resonance search results. It is also relevant to note that results reported here
do not change significantly if the NNLO corrections on ggF +1j, discussed in the
previous section, are not applied.

The most prominent consequence of the proposed phenomenological model con-
sidered here is the production of intermediate missing transverse energy in asso-
ciation with h. This is, however, mostly just a relic of the fact that the simplest
assumption for a generic production mechanism of i + X is that of /1 in association
with DM. In addition, the data appear to have more jets in association with i than
expected in the SM; this applies both to the inclusive production, and the produc-
tion in association with top quarks. Enhanced QCD radiation in the production of
H compared to that of direct i production would most likely not be sufficient to
explain this effect. As a result of this reasoning, one possible extension to this sim-
ple model would be to consider the decay of a hypothetical intermediate particle
S into hadronic jets (in addition to being responsible for the potential production
of DM particles). This is discussed in Chapter 5.

The goal of investigating the simple model discussed in this section was to in-
vestigate whether or not some anomalies in the Run 1 LHC data were compatible
with new physics processes. By and large, all of the anomalies discussed in this
chapter, with the exception of the production of Higgs boson pairs (H — hh), have

remained to be compatible with future developments of the model and more re-
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Figure 10: A scan of minimised chi-square values (top) and the Ax? test statistic (bottom)
as a function of the parameter mpy. These pertain to the statistical combination
of the experimental results in Table 4.
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cent data sets. As newer data sets were released, the compatibility was re-checked.
Several of these checks are shown in Section 4.2. The ability of this simple model
to have constraints that allow for a 3¢ improvement of the SM-only hypothesis for
the niche ensemble of results in Table 4 warranted further studies, which are pre-
sented in the next two chapters. In particular, the following chapter expands the
simple model introduced here to address certain pathological aspects of the theory,
as well as provide a set of experimentally testable final states that have been used

to further constrain the model’s parameters.

4.2 COMPATIBILITY CHECKS WITH NEWER DATA SETS

The development of the BSM model introduced in Section 4.1 was a work in pro-
cess that occurred during an active period of data-taking and analysis in the LHC
collaborations. The fixed set of results that inspired and constrained the model
(listed in Table 4) would continue to be updated with newer data sets and im-
proved predictions over the years. It was therefore a constant challenge to make
checks against newer data sets as they were released, and this section will show
a few of the checks that were made before the model changed course towards
constraints in the multiple lepton sector (this is described in Chapter 6).

The experimental results that were first deemed relevant for constraining the
BSM model can be grouped into three different classes. These include the follow-

ing:

e heavy resonance searches — the resonant production of vector boson pairs

(H — WW and ZZ) and Higgs boson pairs (H — hh) in various final states,
e the Higgs boson pr spectrum, and
e the associated production of the Higgs boson with one or two top quarks.

In this section, these results will be explored in more detail, and the compatibility
of the BSM model (in its initial construction from Section 4.1) with the updated

data will be established.



4.2 COMPATIBILITY CHECKS WITH NEWER DATA SETS

4.2.1 Heavy resonance searches

Since the discovery of the Higgs boson, a large amount of focus has been placed
on searches for new heavy particles not predicted by the SM. This is arguably the
simplest possible way to hopefully discover BSM physics at the LHC. In principle,
the observation of a resonant peak in a mass spectrum of some combination of
certain final state objects would constitute direct evidence for a new particle being
produced.

While searches for resonances can be made using essentially any combination of
final states, in this work emphasis is placed on final states that would typically be
produced by a “heavy Higgs boson.” Searches for scalar extensions to the SM often
make the assumption that the scalar boson in question has Higgs-like couplings to
the SM particles, or in most cases that it is a component of some extended Higgs
sector like a two Higgs doublet model (2HDM) (some formal extensions shall be
studied in Chapter 5). In any case, the resonant searches considered in this work
are all those that relate to an extended Higgs sector, and therefore the decays
considered for a given heavy resonance H are all of the SM-like decay modes
(H — ZZ,WW,Zv,v7,bb etc.) and H — hh. In addition to this, the searches
considered are restricted to masses below my = 2m; (approximately 350 GeV)
since any Higgs-like scalar above this mass would decay preferentially to pairs of
top quarks due to the large t-t-H Yukawa coupling. A complete set of the ATLAS
and CMS results pertaining to searches of this kind, which were available at the
time of this study and with the appropriate mass constraints is listed in Table 5.

There is no single heavy resonance search result from either ATLAS or CMS that
gives definitive evidence for the existence of a heavy BSM scalar. Because of this,
each result has rather produced upper limits at the 95% confidence level (CL) for
the production cross section of a hypothetical heavy resonance as a function of the
resonance mass. While these limits contain useful information for constraining new
physics theories, it is more useful in this work to think rather of best-fit mean cross
sections and their associated standard deviation. This is useful for two reasons.

Firstly, because it allows for the estimation of a combination of the independent
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Collaboration ‘ Vs [TeV] ‘ L[] ‘ Reference Process
Run 1
8 20.3 HIGG-2013-20 [71] H — ZZ — 00eL, tlvy, tlqq, vvgq
ATLAS 8 20.3 HIGG-2013-19 [70] H— WW — {vly
8 20.3 HIGG-2014-04 [90] H — vy
8 20.3 HIGG-2013-33 [62] H — hh — bbtt, WW+y, yybb, bbbb
7,8 up to 24.8 HIG-13-031 [72] H — ZZ,WW combination
8 19.7 HIG-14-006 [91] H — vy
7,8 24.4 HIG-13-024 [92] H — pp
CMS 8 18.3 HIG-15-013 [93] H — hh — bbtT
8 19.7 HIG-13-032 [94] H — hh — yybb
8 17.9 HIG-14-013 [95] H — hh — bbbb
8 19.5 HIG-13-025 [65] H — hh — multi-leptons
Run 2
13 36.1 HIGG-2016-19 [96] H— ZZ — 00t vy
13 36.1 HIGG-2016-31 [97] H — WW — evuv
13 36.7 HIGG-2016-17 [98] H — vy
ATLAS 13 36.1 HIGG-2016-14 [99] H— Zy
13 36.1 HIGG-2016-12 [100] H— 17
13 27.5-36.1 | CONF-2018-043 [101] H — hh — bbbb, yybb, bbtt
13 36.1 HIGG-2016-20 [102] H — hh — yyWW*
13 35.9 HIG-17-012 [103] H — ZZ — 0, lgq, Llvy
CMS 13 35.9 HIG-17-020 [104] H— 17
13 35.7 HIG-16-018 [105] H — bb
13 35.9 PAS-HIG-17-030 [106] | H — hh — bbtt,bbV'V,bbbb, yybb

Table 5: A list of all published search results to date for heavy scalar resonances related to
the Higgs sector, with the constraint that they contain information for resonance
masses lower than 350 GeV.
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data sets shown in Table 5, assuming that they are linked by some common physics
model. Secondly, since in this work it is imperative to quantify the total production
cross section of a hypothetical new scalar, the compatible values for the BRs of the

new scalar and their uncertainties can be estimated more easily.

4.2.1.1  Chi-square formalism

One can estimate a best-fit mean cross section and standard deviation from a 95%
CL relatively easily. The simple method, which follows on from the logic in Refer-
ence [107], makes the assumption that the likelihoods used to calculate 95% CLs
are approximately Gaussian, in spite of the fact that Poisson probabilities are used.
That is, if we observe ny,s events with a Poisson uncertainty of /14, then the

limiting case of the prior probability:

1 0obs, —
p(n0b8|n) ~ efnnnobs w) e(n nobs)z/znobs (4‘10)
applies. In practice, this approximation is usually appropriate for nq,s > 10. As-

suming that the considered limit is on a cross section times BR, we can work rather

with the signal strength:

i ni Y, 00l BR;
W= M — v 5P gROMY
(nl) Yp0pi€  BR;

i

(4.11)

for a particular channel i that is made up of the production processes p, each with
a production cross section ¢ and analysis selection acceptance €. Each channel is
assumed to have a fixed BR, and pti is therefore a measure of the deviation from the
predicted SM cross section times BR as a function of the measured cross section
(or equivalently the number of predicted signal events 7). In most cases and as
given from the experimental results, one can usually assume a single production
mode and equal BRs, thus simplifying Equation (4.11).

95%
exp

95%
obs

Recall that the expected and observed limits on u (g, and u;”°, respectively)

are calculated using a likelihood function. Technically speaking, the limit comes

from integrating the posterior probability distribution p(p|ngps) as a function of u

95%
obs

and finds the value of y = pu}}° that separates the function such that 95% of the
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p(,u'|nobs)

95%

:u’max obs

Figure 11: An illustration of the Gaussian approximation as constructed from the appro-
priate parameters in an observed 95% CL. The shaded area represents only 5%
of the total area of the distribution, the point from which the 95% CL can be
derived.

total area under the curve is contained. An illustration of this idea is shown in Fig-
ure 11. In the Gaussian approximation, the posterior probability for the observed

limit takes the form:
i 2 /n 2
p(‘u|n0bs) ~e (M= pimax) /ZUobs, (4'12)

where pmay is the value of p that maximises the probability, and acts as a measure
of the deviation of the observed data from the background prediction. The stan-
dard deviation of the posterior probability is oops. Given this posterior probability
and assuming it is normalised, the fundamental relation from which we can extract

the mean and standard deviation of the quantity y is [9]:

95%

Hobs
0.95:/0 ’ dp p(p|nops)- (4.13)

Now, in order to calculate the approximated values of the mean and standard
deviation of the quantity u from Equation (4.13), the following steps are taken.
Since pmax is unknown, we first start with the expected limit. By setting n,ps to

the background prediction, 1y, thereby shifting the distribution such that the max-
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imum lies at # = 0. By integrating Equation (4.13) to the expected limit, we find:

ﬂ?%
0.95 ~ , / / e 1/ 25, (4.14)
exp

Numerically integrating the normalised Gaussian, we find that:

l’l%%
ex
Oexp = 1.92 . (4-15)

If the expected signal (or deviation from the SM) is much smaller than the back-
ground, then Oexp >~ Oops, and the approximate mean of the deviation can be es-

timated as the shift in the distribution between the observed and expected limits,

95% 95%
‘u obs Iu exp *

A practical application of this extraction process is that one can combine re-
sults in the form of 95% CLs, given that they are limits on the same observable.
Once the mean and standard deviation have been extracted from the limit, one
can make a simple combination of other results in independent data sets with an
error weighted mean (that is, a mean which uses the inverse square of the corre-
sponding uncertainties as weights). A more formal approach, however, would be
to minimise a chi-square function that combines the results. A simple chi-square
function can be constructed using an adaptation of Pearson’s test statistic, which
was already introduced in Equation (4.7). This chi-square was written as a function
of Ypred, Which could change depending on the parameters of the model used to
calculate it. The corresponding uncertainty is calculated by varying the degrees of
freedom of the prediction and seeing where the value of x? is a distance of 1 from
the minimum value. In the case of limits, and using the results derived above, the
chi-square takes on the form of Equation (4.8), where the denominator is taken

from Equation (4.15).

4.2.1.2  Statistical combinations

As mentioned above, this method can be used to combine compatible 95% CL re-

sults from an arbitrary number of independent data sets. For the purposes of this
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thesis, this is useful in making a combination of the results in searches for reso-
nant Higgs boson pairs (di-Higgs production). This is because these searches can
involve a variety of final state configurations, based on the BRs of the Higgs boson.
Only in some cases do the experimental collaborations perform a combination of
di-Higgs searches. A statistical combination of the resonant di-Higgs search results
shown in Table 5 was performed by minimising the x? function in Equation (4.8).
For the Run 1 data set, the result is shown in Figure 12 for the separate ATLAS
and CMS results, as well as their combination. The same is shown for the Run
2 data set in Figure 13. The Run 1 and Run 2 results are not combined, since in
all likelihood a hypothetical heavy scalar would have a different production cross
section at 8 TeV compared to 13 TeV, and an estimate of how big the scaling would
be is model-dependent and would introduce a bias to the study.

The Run 1 result shows that the maximum deviation from the SM occurs at a
resonance mass at around 280 GeV. At this point, the best-fit cross section times BR
is 654 £ 304 b, corresponding to a 2.150 deviation from the SM. During the time
when the individual results had started coming out for the Run 1 data set, several
excesses around this mass were part of the motivation for studying a hypothetical
heavy scalar with a mass in the region of 250 GeV to 300 GeV. The check made
on the Run 2 data set also has its maximum deviation from the SM at 280 GeV,
with a corresponding best-fit cross section times BR equal to 400 £ 275 fb. The
significance for the Run 2 deviation at this mass is 1.46¢. The combination of the
two deviations gives a significance of 2.60c. While this is not a striking excess in
terms of significance, it is interesting to note that both the Run 1 and Run 2 data
sets are consistent in their point of maximum deviation from the SM.

One issue that could be raised about the combinations discussed above is to
what extent they are model-independent. The 95% CL results all include the ef-
fects of systematic uncertainties imposed on the BSM predictions. Therefore, the
results are dependent on the production mechanisms considered of the hypotheti-
cal heavy BSM particle in every case. As detailed in Reference [108], these system-
atic uncertainties can be as big as 35%. In the same work, a modified chi-square

function was developed in order to negate the systematic uncertainties on the sig-
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Figure 12: The statistical combination of the Run 1 di-Higgs search results that were pre-
sented in the form of 95% CLs, calculated using Equation (4.8) in terms of the
cross section times BR of a resonance H decaying to hh and as a function of the
resonance mass. This is done for the ATLAS only results (top-left), the CMS only
results (top-right), and their combination (bottom). The solid line represents the
best-fit mean cross section and the band represents a 1 uncertainty.
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Figure 13: The statistical combination of the Run 2 di-Higgs search results that were pre-
sented in the form of 95% CLs, calculated using Equation (4.8) in terms of the
cross section times BR of a resonance H decaying to hh and as a function of the
resonance mass. This is done for the ATLAS only results (top-left), the CMS only
results (top-right), and their combination (bottom). The solid line represents the
best-fit mean cross section and the band represents a 10 uncertainty.
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nal model, to come to a more model-independent result. It was shown, however,
that the effect on the significance for deviations from the SM-only hypothesis was
negligible. The enhancement on the significance was less than 5% in total. Fur-
thermore, the study assumed that the full effect of the systematic uncertainties
constrained the statistical result. In practice, using a profile likelihood to compute
limits would profile the systematics, greatly reducing their effect on the final re-
sult. Therefore, using the model-dependent results is an appropriate method for

studying potential deviations from the SM.

4.2.2  The Higgs pr spectrum

If any BSM Higgs boson production process were to be significantly observable
at the LHC, it can be expected that the pt spectrum of the Higgs boson would be
affected characteristically according to the nature of the new physics process. Since
the Higgs boson is produced dominantly through gg¢F at the LHC, its pr spectrum
as predicted by the SM peaks at a low value — since ggF is a 2 — 1 process, the pr
only deviates from 0 through the emission of ISR and due to higher order correc-
tions. The associated production modes, commonly referred to collectively as Xh
(VBE, Vh, tth, etc.), contribute to the Higgs pt spectrum most significantly above
~ 20 GeV, although their combined cross section is about an order of magnitude
smaller than that of ggF.

The measurement of the pr of the Higgs boson is intrinsically a model-dependent
procedure, due to the fact that both a signal and background model have to be
assumed for purposes of signal extraction. In order to minimise on the model-
dependence, the experimental results are typically presented in a truth particle-level
fiducial region of the phase space. Designing a fiducial (or baseline) phase space
region means placing cuts on the kinematic properties of the final state such that
each of the known Higgs production mechanisms (i.e. those in Figure 4) have an
approximately equal acceptance into the region. Therefore, no particular bias is
given to any particular production mechanism, implying that any unknown pro-

duction mechanisms could also be probed with the fiducial region.
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The events are also presented in such a way that the final state particles are truth
level particles. This means that the events in the data undergo an analysis that
removes the effects of the detector, and gain the additional uncertainties that come
along with this procedure. This makes it appropriate to compare the data with
theoretical predictions without having to worry about simulating the response of
the detector in question. The ways that this is achieved by the different experiments
and in the different final states are discussed below.

The sections below discuss and show the ATLAS and CMS results for the Higgs
pt spectrum, measured in terms of differential fiducial cross sections, first for the
h — 77 decay mode, then the h — ZZ* — 4/ mode, and finally the h — WW* —
evuv mode. The measurement of the data is compared with a state-of-the-art SM
prediction. For the SM ggF production mode, the differential distribution is accu-
rate up to NNLO accuracy using the NNLOPS method [109]. The total cross section
has been scaled to the N3LO-accurate result from Reference [33]. The generated
events were passed through Rivet routines [83] that replicate the fiducial volumes
of phase space as designed by the experiments. The Xh production modes are
accurate up to NLO corrections, and are taken directly from the publications them-
selves. These are added to the ggF distribution, and the total result is the green
graph in Figure 14, Figure 15 and Figure 16. The uncertainty band corresponds
to the ggF theoretical uncertainty, which was conservatively calculated to be 7.44%
from Reference [33]. Each plot is accompanied by a set of statistical results showing
the extent of the compatibility of the SM prediction with the data. These are the

Kolmogorov-Smirnov (KS) test, a p-value and a chi-square per degree of freedom.

4.2.2.1 In the di-photon channel

The ATLAS experiment has performed a measurement on the differential distri-
bution of the Higgs boson’s fiducial production cross section as a function of its
pr using 20.3 fb~! of the Run 1 data set [58] and 36.1 fb~! of the Run 2 data
set [110].The fiducial phase space is similar for both results. Two high pr photons
are selected in the 5 region of |57| < 2.37, excluding the gap region of the detec-

tor where 1.37 < || < 1.52. The leading photon is required to have a pr of at
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Figure 14: The SM Higgs pr spectrum in the v decay mode, compared with the ATLAS
(left) and CMS (right) data from Run 1 (top) and Run 2 (bottom).

least 0.35m.,,, whereas for the sub-leading photon the minimum is 0.25m,,,. The
main difference between the Run 1 and Run 2 selection criteria is that different
thresholds are used for photon isolation.

The CMS Run 1 (with 19.7 fb~1) [60] and Run 2 (with 35.9 fb=!) [111] fiducial
cross sections make use of similar selection criteria to ATLAS, with some small
differences. The pseudo-rapidity cuts are |57| < 2.5, where the gap region 1.44 <
1] < 1.57 is excluded. The pr cut on the leading photon is slightly lower for CMS,
at 1m.,. One technical difference that CMS make (in contrast to ATLAS) is that the
regularisation technique is not used for their unfolding procedure, as they claim it

artificially reduces uncertainties.
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For both ATLAS and CMS, the differential fiducial cross sections are constructed
by binning the events into different ranges of the reconstructed Higgs pr. In each of
these bins, an un-binned signal plus background fit is made to the di-photon mass
continuum background added to a signal model for the Higgs boson peak (fixing
the mass of the Higgs boson). The resulting signal strength in each bin is then used
to calculate the fiducial cross section in that bin. The resulting distributions can be
seen in Figure 14.

The Run 1 ATLAS result in Figure 14 was the first differential Higgs boson pr
spectrum at the LHC, and at the time seemed to be quite incompatible with the
most up-to-date SM predictions available. The apparent excess of cross section in
the bins between 20 GeV and 100 GeV gave the impression that there may be a
hint of additional BSM production mechanisms of the Higgs boson at the LHC.
This appeared to have been corroborated by the Run 1 ATLAS h — 4/ result
(discussed in Section 4.2.2.2), which also showed an excess in the same range of
Higgs pr. Although the CMS result in Run 1 did not seem to indicate an excess,
the combination of all the Run 1 results seemed to be consistent with the idea
of a new Higgs production mechanism, as was shown in Section 4.1. The idea
that was considered is that the Higgs boson was produced in association with
some unidentified final state particles through the decay of a heavy boson H, i.e.
H — h + X. This is explored in depth in this thesis, particularly in Section 4.1 and

Chapters 5 and 6.

4.2.2.2 Inthe ZZ* — 40 channel

In the same spirit as the di-photon results shown above, the differential Higgs pr
spectrum for the h — ZZ* — 4/ has been shown for both ATLAS in Run 1 [59] and
Run 2 [112], as well as CMS in Run 1 [61] and Run 2 [113]. Due to the multiplicity
of leptons in the searches (and furthermore the need to associate the leptons to
their originating Z boson), the exact fiducial regions of phase space can be quite
detailed. While the details can be found in the respective publications, the general
principle in these searches is to analyse the events with an algorithm that finds a

lepton quadruplet and pairs it with the leading or sub-leading Z boson candidate.
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Figure 15: The SM Higgs p1 spectrum in the ZZ* — 4{ decay mode, compared with the
ATLAS (left) and CMS (right) data from Run 1 (top) and Run 2 (bottom).

As for performing the actual measurement of the Higgs boson pt, ATLAS use
template fits in different bins of pr, whereas CMS construct analytic signal models
and perform an un-binned fit in different bins of pr. Similarly to the di-photon
results, the data undergoes an unfolding such that one can compare the data dis-
tribution with that of particle level MC predictions. The set of distributions for
ATLAS and CMS in both runs can be seen in Figure 15.

As mentioned for the di-photon results above, the early excess in the range of
pt between 20 GeV and 100 GeV was apparent in the ATLAS Run 1 result shown
in Figure 15. At first, this appeared to be an upward fluctuation of the data. As
more data was taken, the structure gained more resolution and narrowed to an

excess at around 30 GeV (as opposed to the initial broad fluctuation). This would
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seem like an interesting feature, since it is supported by the CMS Run 2 di-photon
result in Figure 14. The ATLAS Run 2 di-photon result in fact has a depletion of
cross section at 30 GeV, but the overall combination of Higgs pr results is still
consistent with the BSM model as it stands from Section 4.1, and as it is developed

throughout the next two chapters.

4.2.2.3 In the WW* — evuv channel

Measurements of the Higgs pr spectrum in its WW* decay mode were performed
on the ATLAS [114] and CMS [115] Run 1 data sets. Both of these searches make
use of the evyuv final state channel, due to the fact that significant backgrounds can
be suppressed by requiring EXS in the final state and different flavour leptons.
For events to be accepted into the fiducial volume of phase space required by
these measurements, there needs to be exactly two leptons in the final state (one
electron and one muon) with opposite charge. The details of the selection criteria
for the leptons can be seen in the experimental papers, although it should be noted
that while ATLAS required an explicit cut on EXss (that it should be greater than
20 GeV), CMS applied an implicit cut on EM via a cut on the pr of the di-lepton
system and a transverse mass cut on the full set of final state particles. The latter
approach is extremely model-dependent and biased towards the direct production
of an SM-like Higgs boson.

Similar to the measurement in the ATLAS ZZ* — 4/ search, the differential
pt spectrum here is constructed by making binned template fits using MC back-
ground distributions (some of which are normalised using data-driven methods).
This is done using relatively coarse bins in pt for both ATLAS and CMS, due to the
fact that the large systematic uncertainties introduced by requiring a more diverse
final state can be made worse when considering potential bin migrations. The data
compared with the SM prediction for both measurements can be seen in Figure 16.

One obvious observation from the measurements is that the CMS data distri-
bution is far more compatible with the SM prediction than that of ATLAS. The
ATLAS result seems consistent with the idea that there exists a small enhancement

of Higgs pr in the region around 30-40 GeV. Attempting to interpret these results
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Figure 16: The SM Higgs pt spectrum in the WW* — evuv decay mode, compared with
the ATLAS (left) and CMS (right) data from Run 1.

in terms of possible new physics processes is relatively difficult for this final state.
One reason is that if we consider a new production mechanism of the Higgs boson
in association with some as-yet unspecified physics (i.e. h + X), it could be argued
that X is a source of leptons or EFsS. Doing this would distort any distributions
relating to EX*S, and potentially cause the new process to be vetoed due to hav-
ing more than 2 leptons in the final state. Since the di-photon and four lepton
search channels are able to reconstruct the Higgs boson in a less model-dependent
way, they are certainly more useful in searches for new physics via the Higgs pr

spectrum.

4.2.3  Top associated Higgs production

Searches for the Higgs boson at the LHC are most sensitive to its dominant pro-
duction mode, ggF. This direct production mode arises through the t-t-h Yukawa
coupling, which is large due to the large mass of the top quark (the heaviest par-
ticle in the SM). In order to probe this Yukawa coupling more dynamically, one
should rather look at the associated production of the Higgs boson with top quarks.
The representative Feynman diagram for the tth production mode can be seen in

Figure 4d.
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In 2018, both the ATLAS [116] and CMS [117] collaborations reported an obser-
vation of production of the Higgs boson in association with top quarks at the LHC.
This observation (which favoured the signal plus background hypothesis over the
background-only hypothesis at the level of 50) was expected to have been made,
although both results had shown a small enhancement on the tth production cross
section compared with the SM expectation. The CMS measurement of the signal
strength p144,, which made use of the Run 1 and Run 2 data sets, was found to be
1.261“8:%. The ATLAS measurement, which made use of the Run 2 data set only
(albeit with more data than CMS), was found to be 1.32f8:§2.

While the excesses noted above are quite insignificant, the results pertaining
only to multi-lepton final states seem to show a more significant excess. In this
thesis, the idea of introducing a new Higgs production mechanism pp — h + X is
considered. As shall be discussed in detail in the following chapters, it is interest-
ing to explore the associated production of a Higgs boson with multiple leptons.
When one considers all of the tth results from ATLAS and CMS, and make a sim-
ple combination by calculating an error weighted mean of i, for each result, one
finds that py, = 1.92 £0.38 [118, 119]. This is a far more significant deviation from
the SM expectation of yy;, = 1. A breakdown of all these results and their approx-
imate combination are shown in Table 6. It should be noted that the combination
here does not account for potential correlations between systematic uncertainties
between the different measurements, although it is unclear whether or not this will
have a significant effect. What is more important is a comprehensive treatment of
the background estimations, which do not always appear to have conservative con-
straints and can be artificially enhanced to improve the SM description of the data.

This will be explored in a future work.

4.2.4 Further comments

The compatibility checks noted in this section were performed up until 2017, where
new developments in the model led to a detailed study of the multiple lepton

sector. The motivation for this is presented in Chapter 5, and the study is shown
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Reference Channel Measured p,

Same-sign 2/ 53721
+24
CMS Run 1 [69] 3¢ 31550

40 —4.7139
Combination 2.870%
200Tp,q 2874
22
3¢ 2.8%22

_n9+31

ATLAS Run1[67] |  2(1Thad 09550
40 1.8753

1€2Thad —961_33
Combination 21719
Same-sign 20 1.7f8:g
CMS Run 2 [120] 3¢ 1,0j8:§
23
40 0917,
Combination 1.5f8:g
200Tiaq 40121
3¢ 0517
ATLAS Run 2 [121] 201 Thag 6.23:(7’
4¢ <22
Combination 2.5

Error weighted mean 1.92 £0.38

Table 6: The measured p values for tth production in multi-leptonic analysis channels. A
combination is estimated as the error weighted mean of each quoted combined
result.

in Chapter 6. Therefore, dedicated studies of the model as applied to the Higgs pr
spectrum, di-Higgs searches, and tth results were not a focus. However, one can
still consider the most recent data sets and make note of their compatibility with
the BSM model.

The most recent and sensitive search for resonant di-Higgs production is the
ATLAS Run 2 combination of searches [122]. From this result, it appears that the
excesses seen at around 280 GeV in the earlier data sets (shown in Figures 12
and 13) have diminished. However, all the other anomalies discussed in this chap-
ter have remained as noticeable deviations from the SM in recent results. In terms
of heavy resonance searches, the ATLAS search for a high mass scalar decaying
to four leptons is presented in Chapter 7. In this search, a mild excess is seen at

an invariant mass of around 245 GeV. An independent study on the ATLAS and
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CMS four lepton and CMS di-muon searches [123] has shown that these hints are
consistent over independent data sets and are also compatible with a large width
scalar with a mass of around 265 GeV; this can be seen in Figure 39. This is also
discussed in the conclusions of Chapter 7.

As for the Higgs pr spectrum, the most recent measurements [124, 125] corrobo-
rate the observation that the early Run 1 ATLAS results were likely an upward fluc-
tuation of the data, but remain compatible with the results obtained in Section 4.1.
The shape of the Higgs pt spectrum has become more narrow and has a peaked
structure at around 30 GeV. In the studies performed in References [126, 118], it
was shown that the SM normalisation of Higgs production should necessarily be
lowered under the assumption of a new Higgs production mechanism. Therefore,
the Higgs pr spectrum remains compatible with the BSM model in its current
form [5]. The most recent measurement of the Higgs boson signal strength from
ATLAS indicates that the rate of Higgs boson production is around 1.11 times the
predicted SM rate [127], which is in agreement with the statements above and in
References [126, 118]. Future studies could also consider the more robust variable
of the Higgs boson rapidity, for which the data distribution appears elevated in
the central region.

Finally, the measurement of tth production in multiple lepton final states has
yet to be updated in a dedicated result. At this point, compatibility with the initial
anomalous LHC results that inspired the model have become less important in
the face of newer studies, such as the one presented in Chapter 6. A separate
study of multi-lepton results using the Run 1 ATLAS and CMS data sets was
performed in Reference [4] (this publication is a pre-cursor to the study shown in
Chapter 6). This study concluded that an independent set of LHC results could also
be improved under the BSM hypothesis introduced in this chapter and Chapter 5.
Therefore, the 3¢ result obtained in Section 4.1 does not fully encapsulate the
deviations that were already present in the Run 1 data. The actual deviation from
the SM in Run 1 is more significant than what has been discussed in the main

content of this chapter, an example of which can be seen in Reference [4].



THE PRODUCTION OF HIN A COMPLETE THEORY

The model described in Section 4.1 was a starting point that could be used to ex-
plore several anomalous features of the LHC data at the time of its inception. How-
ever, the overly simplified way in which it was constructed meant that it was not
treated appropriately in terms of its theoretical underpinning. Arbitrarily adding
fields as an extension of the SM is not always justifiable theoretically. In the fol-
lowing sections, the idea of embedding H into a 2HDM is explored, and thereafter
the necessary details for adding additional scalars to the theory are described. In
doing so, a set of model dependent final states are presented as signatures for the
specific model that is chosen. Several of these signatures are studied in detail so
as to present a few key distributions that could be studied further in experimental

searches [7].

5.1 H IN A TWO HIGGS DOUBLET MODEL

This section briefly covers the 2HDM and its basic particle content. A fairly recent
review of 2HDM phenomenology can be found in Reference [128]. The generalised

Lagrangian for the 2HDM can be written as follows:
Loupm = (qu)l)Jr (D,®1) + (Dycpz)Jr (Dy®@2) =V (®1,P2) + Lint, (5.1)

where ®; and ®; are two complex SU(2);, doublet scalar fields and D, is the
covariant derivative necessary for interactions with the gauge fields. The sector

Lint contains all possible interaction terms, including the SM Lagrangian, and
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V (®1,P,) is the most general renormalisable scalar potential of the 2HDM. The
potential can be written in the following way:

1 2 1 2
V (@1, @) = m 0[Py + 3 0IDs — md, @1z + A1 (P101) "+ S22 (@52)

13 (@]®1) (@502 ) + A4 ‘CIDICI)Q‘Z + %)\5 (cp{q>2>2

+ [)% (cp{cpl) + Ay (cp;cpz)] @I D, + hec. (5.2)

The potential terms that cross multiply the two doublets and multiply the param-
eters mjp, As, A¢ and A; are complex. They can therefore act as sources of CP
violation. All the other terms in the potential are real. Note that the parameters
in Equation (5.2) can be modified via a change of basis. The basis shown here is
known as the Higgs basis.

After a spontaneous EWSB, the 2HDM generates a spectrum of five physical
Higgs bosons. Namely, these are one charged Higgs pair (H*), one CP-odd scalar
(A), and two CP-even scalars (h and H), where by convention my > mj,. The heavy
scalar considered in this thesis can be mapped onto the heavy Higgs boson H,
while the SM Higgs boson can be mapped onto h. The potential can be transformed
to the physical basis (that is, the basis in which the relevant parameters are mass
eigenstates) through the mixing angles «, which diagonalises the CP-even Higgs
squared-mass matrix, and B, which diagonalises both the CP-odd and charged
Higgs sectors. One typically considers the value tan 8, which is the ratio of the
VEVs for each Higgs doublet, v,/v;. The physical VEV is v = |/v? 4 03, and it is
approximately equal to 246 GeV.

Further choices of symmetries and couplings to the quarks and leptons can
be made, which lead to different types of 2HDMs. Models which lead to natu-
ral flavour conservation are called the Type-I, Type-II, lepton-specific or flipped
2HDMs. These choices are detailed in Reference [128]. In this work a Type-II 2HDM
has been used as a baseline, into which the additional scalars are added.

Several generic constraints can be imposed on any new BSM model so as not
to impose on what has already been observed in nature. Therefore, the following

constraints apply to the Type-II 2HDM considered here:
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e Vacuum stability: the Higgs potential must be bounded from below such that
the vacuum has a well defined minimum in the theory. Requiring this implies
that the following conditions for the A parameters must be simultaneously

satisfied [128]:

AM >0, Ay >0, A3 > —/A1A; A3+ Ay — ‘}\5| > —1/ A1, (5.3)

e Perturbativity: in order for the theory to predict calculable quantities in per-
turbative QFT, the bare quartic couplings in the Higgs potential need to have
the upper bounds |A;| < 47 for i = 1,2,..,7. This also implies that the mag-
nitudes of the quartic couplings among the scalars after symmetry breaking

should also be smaller than 4.

e EW precision tests: the EW precision observables, such as the S, T and U
oblique parameters [129], obtain small contributions from the extra scalars
in 2HDMs due to quantum corrections. These contributions are AS, AT and

AU, and their magnitudes have limits [130].

e Other experimental constraints, such as the LEP bounds, flavour-changing
neutral current (FCNC) constraints [131], limits from the Higgs data at the

LHC etc. can stringently restrict the model’s parameters.

Various phenomenological studies and constraints on 2HDMs have been ex-
plored in the literature (sometimes with special emphasis on the Type-II 2HDM),
a few examples of which can be found in References [132, 133, 134]. Any multi-
Higgs-doublet model can, in principle, be severely constrained by tree level FCNCs.
These potentially dangerous interactions can be avoided by imposing a variety of
different discrete symmetries. One such discrete symmetry that avoids anomalous
FCNCs is a Z; symmetry, which demands an invariance of the general scalar po-
tential under the transformations ®; — —®; and &, — —®,. This discrete Z,
symmetry can be imposed in three different ways. Firstly, it could be exact if m;,,
A and A7 all vanish, thus implying a CP conserving scalar potential. Secondly, it

could be broken softly if it is chosen to be violated in the quadratic terms only (i.e.,
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in the limit where Ag, A7 vanish, but mj, remains non-zero). Thirdly, one could
impose a hard breaking if it is broken by the quadratic terms too, where the param-
eters mip, A¢ and Ay are all non-vanishing [128].

In a Type-II 2HDM, the discrete Z, symmetry applies to both ® — —® as well
as to the charged leptons and down-type quarks ¢} — —% (where a represents
the generation index). However, in this work the terms associated with Ag and Ay
are neglected, and m;; is taken to be real. In doing so, the quadratic couplings in

terms of the physical masses of the 2HDM scalars can be expressed as follows:

1 2 2 2,2 .2 2
Al - m (mH COS™ + (% mh sm- o — mlz tan ﬁ) 7 (5‘4)
1
A= (m3; sin® a + v*mj, cos® « — m3, cot B), (5.5)
v?sin” B
_ L 2 Sin(le) 22\ mi%z
As = 0?2 [ Mh+ sin(2pB) (e — 1) sin B cos B (56)
1 m3
T2 {(m“‘ M) + sinfcosB|’ 57
1 m3
As — = 2 8
T 2 (smﬁcosﬁ A %)

5.2 ADDING THE DARK MATTER CANDIDATE X

The simplified study shown in Section 4.1 requires that a Higgs boson is produced
through the decay of a heavy scalar H in association with a DM candidate x. In
this section, we shall consider the possibility of accommodating x in a complete
theory. The addition of x as a real scalar in a 2HDM requires additional terms
in the potential defined in Equation (5.2). The x field can act as a gauge-singlet
scalar as well as a stable DM candidate if its mixing with the doublets ®; and &,

is prevented by introducing a discrete symmetry:.
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One possible symmetry is a Z, symmetry under which yx is odd and all other
fields are even. This ensures the stability of x, as long as it is not too heavy. The

most general potential consistent with the gauge and Z, symmetries is therefore:

1 A A
V (@1, @2, ) =V (P, @2) + 5 x* + Sr0{@1x7 + 2RIy

A A
+ fcp{cbzxz + %x‘* +he. (5.9)

The hard breaking of this Z; symmetry is considered here, with A,, being real. If a
soft breaking of the symmetry were considered instead, the term multiplying A,,
and the corresponding terms in V (P, ®,) with A¢ and A7y would disappear.

In spite of the fact that any scalar in addition to a 2HDM potential may acquire
a VEV, here it is explicitly chosen that x does not. Therefore, the Lagrangian de-
scribing the dynamics of x, including the interactions with the 2HDM scalars after

symmetry breaking is:

1 1 1
Ly=— Emixz — Ev/\hmhxz — EU)LHXXHXZ — /\hhmhhxz — )LHHXXHHX2

— At PHX® — Aaax AAXE — A HTH™ X, (5.10)

where the couplings have been re-written in terms of those in Equation (5.9) as

follows:
. . 1
Ay = Ay, cosBsina — Ay, sin Bcosa — EAM cos(B+ua), (5.11)
AHyx = — Ay, COS Bcosa — Ay, sin fsina — %Am sin( +«), (5.12)
Al :i()\m sin® & + Ay, cos” & — Ay, sina cos ), (5.13)
AHHyx :i()\m cos® & + Ay, sin® & + Ay, sina cos a), (5.14)

1
AHiyy = 1(_/\2(1 cosasina + Ay, cosasina + Ay, cos® & — Ay, sin®a), (5.15)
1 . .
AAAxx :1()\)(1 sin? B+ Ay, cos® B — A, sin fcos f), (5.16)

1 . .
AHYH xx :Z(Axl sin® B+ Ay, cos? B — Ay, sin B cos ). (5.17)

71



72

THE PRODUCTION OF HIN A MORE COMPLETE THEORY

Note that £, does not include tree-level A-x-x interaction terms due to CP viola-
tion issues, although such an interaction could arise as a suppressed loop-induced
process. However, the CP-odd scalar A would still play an important role in de-
termining the DM relic density through the creation and/or annihilation process
XX < AA.

The introduction of the ) field is also subject to constraints. Perturbativity con-
ditions imply |A,,| < 47 for i = 1,2,3. The coupling A,, is also required to be
positive in order to ensure the stability of x. Vacuum stability requires the follow-
ing conditions (in addition to those given in Equation (5.3)), so that the potential

V (@1, Oy, x) is bounded from below:

Ay, >0, (5.18)

1

A > =\ 15w, (5.19)
1

Ay, > —,/EAMZ, (5.20)
1

Ays > — E)\X4)\3. (5.21)

Additionally, if Ay, Ay,, Ay, < 0, then the following conditions should also be

satisfied:

1 1 1

1
_2)‘)(1)‘)(2 + 7/\)(4 (/\3 + Ay — |/\5|)

6
1 2 1 2
>[4 reh =3 ) (et =A%) G23)

In order to ensure a stable DM candidate x, an additional condition needs to be

imposed, such that the VEV () should vanish at the global minimum of the scalar
potential in Equation (5.9). This can be obtained numerically such that (x) = 0
when (®1) # 0 and (P;) # 0. An example of this can be seen in Reference [135].
The simple assumption that x is a scalar may or may not be appropriate. It is
instructive to characterise x in terms of other possible theories. One interesting

consequence of doing so is the potential of altering the production mechanisms
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Figure 17: Representative Feynman diagrams to study the production of the Higgs boson
in association with DM. On the left, the quartic Ay, vertex used for the study
in Section 4.1, and on the right due to the cascaded decay of the mediator S.

and decay modes for H and A through g¢F and v+ fusion, since they are loop
induced processes. It may be possible for x to run in these loops, and therefore
contribute in a correction to the production and decay rates. This would imply
that x is a massive coloured fermion. While this idea is not explicitly explored in
this thesis, additional fermions in the context of the anomalous muon (g — 2) result
are considered in Reference [136], with strong links to the BSM model considered

in this thesis.

5.3 ADDING THE SCALAR MEDIATOR S

One of the problems with the simplified model introduced in Section 4.1 is the
necessity for the Apy,,, coupling to be significantly larger than the others. Theoret-
ically, it is not clear why the 3-body H — hxx decay should be dominant over the
possible 2-body decays. One simple way to explain this is to introduce a real scalar
S, which is chosen to have similar couplings to the SM Higgs boson within the
mass range mg € [my, my — my]. S then acts as a mediator, such that the H — hxx
decay mode is a cascade of two different decay processes instead of being due to
one effective vertex. This is shown in Figure 17.

Introducing S can also be used to probe more interesting physics, apart from just
being a mechanism to enhance the pt of the Higgs boson. For simplicity, a Z, sym-
metry for S — —S transformations can be imposed. Since S is SM Higgs-like, it is
allowed to couple with all of the SM particles as well as . This is phenomenolog-

ically interesting for two reasons. Firstly, S can be thought of as a portal between
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which the SM particles can interact with DM. Secondly, the Higgs-like nature of
S drastically reduces the number of free parameters in the theory, since all of the
couplings to SM particles (and therefore also the BRs) are fixed to those of the
SM Higgs boson, globally re-scaled down appropriately by the introduction of the
invisible decay mode S — xx. Since a large invisible BR is not experimentally
observed for &, potential DM interactions can instead be studied with S.

In the absence of the interactions between S and the SM particles, one should
not expect any interesting physics. But mixing with SM particles, and along with
the other 2HDM scalars, has two consequences. Firstly, S could be observed as
a resonance through its decays to pairs of vector bosons Z, W* and +. For a
Higgs-like S, a search for these decays would be similar to generic Higgs boson
searches, albeit at higher masses. However, it should be noted that in this study the
direct production of S is considered to be small due to the global re-scaling of its
couplings to the SM particles. Note also that S is produced dominantly through the
decay of H. Secondly, it alters the coupling strengths of known interactions in the
theory. For example, in a 2HDM there exists a sum rule for the neutral scalar gauge
couplings, g2 + S5y, which is the same as the SM coupling squared [137]. This
sum rule will be violated if there is any mixing between S and the doublets ®; and
®,, which will directly alter the expected projected bounds of 2HDM couplings.

In light of this, a real 4 scalar S is added to the theory, considering the possibility
of a discrete symmetry under S — —S. The parameters are arranged in such a
way so that S acquires a VEV. Without the discrete symmetry, the most general

potential for S can be written as:

1 A A
V(@1,92,5) =V (P, P2) + 515, S + %@{@152 + %cp;cpzsz
A A
+ %@{@ﬁ + %54 + 11 DTS + DI D,S

+ u3 @] @S + sS° + hec. (5.24)

4 One can also introduce a complex scalar in theory, the consequence of which alters the choice of
symmetry. The Z, symmetry would then be promoted to a global U (1) and its spontaneous breaking
would lead to a massless pseudo-scalar [138].
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Now, if a Z; symmetry is imposed for transformations of the form S — —S (and
all other fields are even), then the terms with the coefficient y; (i = 1,2,3,S) will

vanish in the above general potential. If a further Z/2 symmetry is imposed for the

transformations h — h, H — —H and S — S, then the Ag, term will also vanish.

This also eliminates A¢ and A7 from V (®q, P,). However, a soft breaking of le is
assumed, which implies m%Z # 0. In the case where S does not acquire a VEV, the
S related interactions in the potential are given by:

1
Vs :§m§52 + Anssv hS? + Aussv HS? — Apnss H*S® — Aypyss hHS?

— Aunss W?S* — Aaass A?S* — Aepr-ss HTH ™ S2, (5.25)

The couplings in the potential in terms of As , As,, @ and B are as follows:

A
mg = mg, + < 251 cos ,B+ 2 2 sin ﬁ) (5.26)
As,
Auss = — - Lsinwcos p+ —2 > cosocsmﬁ (5.27)
A As,

AHSS = TScosuccosﬁ + = > 2 sinwsin B (5.28)
A A

)thss = % Sil’l2 o+ % COS2 o (529)
A As,

AHHSS = Tscos n+ —= 1 2 sin® o (5.30)
1 .

Anss = 4 (As, — Ag,) sin2a (5:31)
1 /\

Aaass = SAH+H-55 = n’ + 2 cos” B. (5:32)

However, in order to recreate an effective H-h-x-x type interaction in a full model

with S (as in Figure 17), there is a need for an h-H-S coupling. In the absence of the

term multiplying mus3, it is possible to generate this coupling if S acquires a VEV.

In this study; it is necessary that S will indeed acquire a VEV and mix with # and H.

The h-S mixing is also chosen to be small for simplicity. In the limit of zero mixing
between h and S (as well as H and S), the expressions for various couplings have
been shown above. Equation (5.28) indicates that the H-S-S coupling need not be
small even in this limit, since « and B, which are the mixing angles from the doublet

sector exclusively, are free parameters. If a mixing between S and the doublets is
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turned on, Equation (5.28) will receive corrections through the additional mixing
angle(s) introduced. However, in the case of small #-S mixing, the correction will
also be small, and the H-5-S coupling will still remain sizeable. Therefore, it is
assumed that the mixing of S with / is small enough (by interplay of various
parameters in the potential) that it will not spoil any experimental bounds. The
h-H-S-S interaction can be thought of as a source of the required h-H-S coupling

if one replaces one S by its VEV in the h-H-S-S interaction.

5.4 PREDICTIVE PHENOMENOLOGY

This inclusion of S can open up various new possibilities in terms of search chan-
nels and phenomenology. With the mass range m;, < mg < my — my, and mg > 2m,,
one can find interesting physics in both pp — H — Sh as well as pp — H — hh.
There is an additional possibility to study a H — SS decay mode, which is more
likely to be off-shell given the masses under consideration. Many interesting final
states can be explored through these processes, keeping in mind that all decay
modes of S (i.e. S decaying into jets, vector bosons, leptons, DM etc.) are possible.

Following an EFT approach, one can write down a Lagrangian for all the inter-
actions necessary for phenomenological purposes in studying S. After EWSB, the

Lagrangian for the singlet real scalar can be written as:

Ls = Lx+ Lsvv + Lssg+ Luns + Ly, (5.33)
where each of the sectors is defined as follows:
1 " 1,

Lx = ansa S — EmSSS, (5.34)

1 o 1 o 1 o
£SVV’ — Zngg 12;[USGHVVGZV + 1KSWWESFVVFVV —|— iKSZZ%SZWZW

1 o 1 2 _
+ ZLKSZWESZWFHV + ZszmezevaW—i_wwﬂw (5-35)

m _
Losp =~ ;KSfZ;’Sff, (5:36)
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1
Lins = — 2 0| AyshhS + AygshSS 4+ Ay HHS

+ Ass HSS + A,y HIS|, (5-37)

1 1
Lsy = —5 O g SXX — EAssmSSXX- (5.38)

Here V refers to gluons, photons, and the weak vector bosons. The gauge field
strength Wffv is defined as D, WVi — DVWVi, where D, is the co-variant derivative
D, Wit = [0, L ieA,] W;E. Other possible self interaction terms for S are neglected
here since they are not of any phenomenological interest in this study.

Using the schema described above, performing phenomenological studies be-
comes relatively simple, since the BRs of S to SM particles can be fixed to known
values, and the BR to x is a free parameter that can be set. As an example, a sim-
ple study is that of revisiting the Higgs pt spectrum after the introduction of the S
mediator. Part of the rationale for designing a new production mechanism of the
Higgs boson in association with DM (as described in Section 4.1) was to describe
an apparent distortion in the intermediate range of the Higgs pr spectrum. It is
therefore instructive to understand how changing the structure of the production
mechanism affects the Higgs pr— that is, how the two different Feynman diagrams
in Figure 17 predict the Higgs pt spectrum. For a simple comparison, distributions
were made using 50 0oo events both generated and showered in Pythia 8.2 [82].
These distributions can be seen in Figure 18. On the left, the SM Higgs pr dis-
tribution from g¢F can be seen compared to spectra predicted using the effective
H — hxx decay process introduced in Section 4.1. Three mass points of H have
been chosen, whereas the mass of x has been fixed to 60 GeV ~ m;,/2. As in
the study performed in Chapter 4, this suppresses the  — xx BR in accordance
with experimental limits [77, 78]. On the right, the S mediator is introduced with
my = 300 GeV and the mass of S is varied (the mass of x has no effect on the
pr spectrum in this case). This is compared to a single mass point using the ef-
fective vertex approach. It was found that the kinematics for the effective vertex

approach is similar to the full theory with a large width S at mg = mpy /2 (in the
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Figure 18: The Higgs pr spectrum as predicted by various production mechanisms. On the
left, through the effective decay process H — hxx with different mass hypothe-
ses for H (solid lines), as well as through the SM ggF production mode (dashed
line). On the right, one spectrum using the effective vertex (dashed line) is com-
pared with three spectra as described by the S-mediated interaction (solid lines).
In this case, my is fixed to 300 GeV and mg is varied.

limit m, — my/2). Overall, using the S to mediate the decay process makes for a
more resolved distribution compared with the effective vertex approach.

The most interesting decay mode to study, given that the S has a mass in the
range [my,, my — my), is the H — Sh decay mode. The two couplings related to the
H-5-S and H-h-S are of most importance here. As stated above, the origin for the
consideration of the intermediate real scalar S demands that these two terms can
explain a non-negligible BR for the H — hx) decay mode. In one sense, there is
an equivalence of the couplings A, —(introduced in Section 4.1) compared with
the cascade of A,,; and A, , so that the 3 body decay can be equated to a series of
2 body decays as shown in Figure 17. On the other hand, in order to minimise the

number of free parameters in the theory, one can consider a ratio of couplings:

r=|Ayss|/ A ys |- (5-39)

This positive-definite ratio (i.e. so that there won’t be any negative interference
due to the choice of negative values) could be fixed in the range of theoretically
allowed values, and then either one of the couplings A, or A, can be varied to

control the relative rates of Sh and SS production through the decay of H.
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Scalar Decay modes

h bb, Tt , utu, s, ¢¢, g8, vy, Zv, WTW~—, ZZ
H hh, SS, Sh and all h decay modes

A tt, Zh, ZH, ZS, W*HT and all h decay modes
H* | Wth, WEH, WS

S xx and all & decay modes

Table 7: A list of all possible decay modes for the 2HDM scalars and S, based explicitly on
the mass ranges considered in this work.

Below is a discussion on the various phenomenological aspects associated with
this particle spectrum, applicable to collider signatures (in particular at the LHC).
Given the mass ranges considered for each new scalar, their appropriate decay
modes have been listed in Table 7. These are shown as a reference for purposes of
discussing relevant experimental signatures. After the discussion, a list of specific
experimental search channels for each of the new 2HDM scalars and S is shown in

Table 8.

5.4.1 Heavy scalar H

In Section 4.1, the heavy scalar H was introduced in an effective theory, one of the
goals of this was to explain an apparent distortion in the pr spectrum of the Higgs
boson. Moving on from the effective theory used there, one can now think of H
as the heavier CP-even component of a 2HDM. Arguably, the motive now should
be to fit parameters such as tan 8, « and the masses of A and H* in this specific
model. However, the question arises as to whether one should think of a gener-
alised 2HDM or a much more specifically defined type of 2HDM, as described
in Reference [128]. On the other hand, experimental data from searches needs to
be considered, which will constrain the available parameter space of this model.
This was initially performed in Reference [4] and is also shown in Chapter 6 of
this thesis. For the purposes of this study, it is explicitly chosen that the lighter
CP-even component of the 2HDM is the experimentally observed Higgs-like bo-

son scalar (i.e. that m;, = 125 GeV). With this fixed, the chosen mass range for H is

79



8o

THE PRODUCTION OF HIN A MORE COMPLETE THEORY

chosen to be in the range 2m; < mpy < 2m; for reasons which were alluded to in
Section 4.2.1.

In the simplest case, the cross section for g¢ — H production (i.e. ggF, the
dominant production mode) would be the same as a heavy Higgs boson — between
5 and 10 pb at /s = 13 TeV [33]. However, this number could be altered if one
considers a re-scaling of the Yukawa coupling or the possibility of extra coloured
particles running in the loop (as discussed above). In Section 4.1, the number B,
— which was assumed as a re-scaling of the Yukawa coupling — was estimated to
be around 1.5. This implies that the g¢ — H production cross section could be

enhanced by at least a factor of 2.

5.4.2 CP-odd scalar A

Whereas the statistical analysis performed in Section 4.1 was able to shed some
light on the possible mass range for H, at this point the mass of A remains some-
what a free parameter in the model. Having said this, a separate and strongly
linked study has been able to shed some light on the potential production of A
in this model, where the mass of A finds compatibility with a mass of around
600 GeV [139]. There are a few generic points that should be noted when studying
phenomenology related to A. In 2HDMs, the masses of the A and H* bosons are
correlated. If one wishes to construct a 2HDM and fix it with a particular mass for
A, then its compatibility with mpy+ should also be taken seriously. Furthermore,
known values for my and my, (i.e. 125 GeV) should also necessarily be taken into
account in tuning the parameters a and .

In the case of a ggF production mode for A (through the effective g-g-A vertex),
there will be a need for a scaling factor ﬁ? similar to the treatment of H produc-
tion, which scales with B,. Consideration of the decay modes of A (A — 77 in
particular) also prompts the need for another scaling factor ﬁé. This implies that
one needs to control the H — <y decay rates via another parameter §,, since the

form factors appearing in the calculation of g¢ —+ H,A and H,A — 77 have a
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different structure. They are also dependent on the masses of the particles under
consideration (this is described in Reference [27]).

One should also consider the other possible decay modes of A which include
pairs of W and Z bosons. These decays are possible only at loop level in 2HDMs,
since the tree level A-V-V couplings are absent as a result of CP conservation is-
sues. Depending on parameter choices, this model can predict an arbitrarily large
cross section for Z+ jets +EM production. It is important to think of the contri-
bution of the decay mode of A — ZH, where H — Sh. This mode requires that
my > mz + my. This decay mode also implies processes with multi-lepton final
states, significantly in both same-sign (SS) and opposite-sign (OS) configurations,

these processes are also produced in association with jets.

5.4.3 Charged scalars H*

The 2HDM predicts the existence of charged scalars, H*, which in principle can
be produced at the LHC. Searches for these charged scalars are made based on
assumptions of their mass. When mpy+ > m;, the prominent decay modes of H +
are H* — tb and H* — W=*h . Noting that in this study 2m;, < my < 2m;, the
decay mode H + — W*H could also be considered a prominent channel, assuming
that mpy+ > mpy. The different predictions as a result of assumptions on the mass
of the particles makes a discussion on the phenomenology slightly complicated.
Therefore, it is assumed explicitly in this study that my= > m;, for simplicity.

In this case, there would be two main production mechanisms of H* at the LHC,

both of which are top quark associated. These are as follows,
e 2 —2:gb— tH*, and
e 2 — 3:99/qq — tH*D.

Pair production of the charged scalars could also occur through a Drell-Yan like
process (that is, g — H™H ™). The associated production with W bosons, and pair

production through ggF could also be studied, albeit with smaller cross sections.
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Scalar | Production mode

Search channels

8¢ — H, Hjj (ggF and VBF)

Direct SM decays as in Table 7

— SS/Sh — 4W — 40 + Emiss

— hh — ybb, bbtt, 4b, yYyWW etc.

— Sh where S — xx = 77, bb, 4¢ + ERss

H pp — Z(W*)H (H — SS/Sh)

— 6(5)1 + Emiss
— 4(3)1 + 2j + Emiss
— 2(1)] +4j + Emiss

pp — ttH, (t + F)H (H — SS/Sh)

— 2W +2Z + Ef* and bets
— 6W — 3 same sign leptons + jets and Ef"**

pp — tHT (H* — W*H)

— 6W — 3 same sign leptons + jets and mwamm

pp — thbH* (H* — W*H)

Same as above with extra b-jet

+
H pp — H*HT (H* — HW*) — 6W — 3 same sign leptons + jets and Es
pp — HEW* (HY — HW*) — 6W — 3 same sign leptons + jets and EMsS
g8 — A (33F) i
A - Y

g — A — ZH (H — SS/Sh)

Same as pp — ZH above, but with resonance structure over final state objects

g¢ — A — WEHT(HT — WTH)

6W signature with resonance structure over final state objects

S 88 — S (88F)
or H — §S/5h (associated production)

Resonantly through decays as in Table 7 (v, bb, 11, ZZ — 40)

Non-resonantly through multilepton + mﬁaamw decays

Table 8: A list of potential search channels arising from the addition of the new scalars. This list is by no means complete, but contains clean search
channels which could make for striking signatures at the LHC.



5.4 PREDICTIVE PHENOMENOLOGY

5.4.4 The additional scalars S and x

The inclusion of S and x in the model is especially significant in terms its phe-
nomenology, since the signatures arising from the 2HDM scalars have mostly been
addressed in other works already. With this in mind, the combination of the 2HDM
with x and S can lead to many interesting final states — lists of these can be seen
in Table 7 and Table 8.

The dominant production mechanism of S is assumed to be through the decay
processes H — SS and H — Sh. The admixture of these decays is controlled by a

ratio of BRs, defined as:

m = M (5.40)
BR(H — Sh)

The parameter a; is related to the ratio r introduced in Equation (5.39), although
uses the BRs instead of the couplings for simplicity. S is assumed to be similar to
the SM Higgs boson, in the sense that it couples to SM particles with the same
structure as h. These couplings are then dependent on mg, and a choice of mg
therefore has implications on the final states that can be studied. Within the mass
range considered (i.e. between mj and my — my), S can be in one of two regions.
The first is dominated by S — VV, when mg 2 2my ~ 160 GeV. The second is
when mg < 2myy, and in this region S has non-negligible BRs to various decay
products such as bb, VV, 89, vy, L7y etc.

In this model, S is also assumed to be a portal to DM interactions through the
decay mode S — xx. With all other couplings to SM particles fixed, the BR to
XX is a free parameter in the theory. When adding this decay mode, all of the
SM decay modes are scaled down by 1 — BR(S — x)), and the total width of S
increases accordingly (although in practical studies, a narrow width approximation
will suffice).

The SM Higgs boson has stringent experimental limits on its invisible BR. In
this model, this is interpreted by the fact that the # — xx BR is suppressed by the

choice of m, ~ my,/2. Therefore, S is an important component of the model since
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it is useful to study events which can have an arbitrarily large amount of ETsS

depending on my, mg and BR(S — xx).

5.5 ANALYSIS OF SELECTED LEPTONIC SIGNATURES

The model introduced above can produce a wide variety of interesting signatures
for study, given the combination of production and decay modes discussed above
(and shown in Table 8). As a case study, here the focus is on a few striking sig-
natures driven by the production of multiple leptons. These signatures are also
dependent on the production of a non-negligible amount of EXs. Firstly, the pro-
duction of 4 leptons in association with EI® via the production of 4 W bosons is
analysed in Section 5.5.1. Thereafter, the unique signature of 6 W boson produc-
tion in ttH is analysed with a final state of 3 SS leptons in Section 5.5.2. Finally,
the A — ZH decay is analysed in Section 5.5.3 with some simple comparisons to
limits in the LHC data. The analyses have been chosen such that the first two (Sec-
tion 5.5.1 and Section 5.5.2) do not rely on the S’s interaction with DM, whereas
the third (Section 5.5.3) does. This is an example of how the “simplified model”
approach is useful in that different searches can be used to constrain different pa-
rameters of the theory. The analyses treat the new scalars as being in the following

mass ranges,
e Light Higgs: mj; = 125 GeV (this is the SM Higgs boson),
e Heavy Higgs: 2m;, < mpg < 2my,
e CP-odd Higgs: mu > (my + myz),
e Charged Higgs: (my + my) < mygz < my,
e Additional scalars: m, < my/2 and my, S mg S (myg — my,).

In the following sections, some plots of key distributions are shown and dis-
cussed for the three different signatures. These plots were made from selecting

Pythia 8 [82] MC events using custom-made Rivet [83] routines. In all three cases,
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500 000 events were generated and a selection efficiency was determined based on
experimentally motivated cuts and criteria. These events are not passed through
a detector simulation. The reason for this is that our intentions are not to model
the profile of EMsS with accuracy, but rather provide a signature of the general
region in which EM* could be expected, given the parameter constraints.> For
the first two analyses, leptons were defined as either electrons or muons with
pr > 15 GeV and |y7| < 2.47 (2.7) for electrons (muons). A crude lepton isolation
is applied by vetoing any leptons which share a partner lepton within a cone of
radius AR = /(A¢)?+ (An)? = 0.2 around it, and any leptons coming from a
hadron decay are vetoed. At truth level, this is a good approximation of the tradi-
tional track or calorimeter based isolation procedures.

The mass points considered in these distributions are relatively close to the cen-
tral points in the ranges considered here. The mass of S is fixed to 150 GeV, where
it still enjoys a wide range of decay modes due to it’s SM-like nature — at this mass
the BRs to bb and VV are both non-negligible, allowing for sensitivity in di-jet
and di-boson searches, while a lighter S runs the risk of being too close to the
Higgs mass for a comfortable experimental resolution. The mass of H is consid-
ered at the two values 275 GeV and 300 GeV. A mass close to 275 GeV does have
some motivation from the simple study done in Section 4.1, but is also interesting
since the H — SS decay is then off-shell. The on-shell behaviour is probed by also
selecting the point my = 300 GeV, and a; (Equation (5.40)) is chosen such that
BR(H — SS) = BR(H — Sh) = 0.5 in order for both decay mechanisms to be
explored evenly. The S — xx BR is chosen to be 0.5 to probe both the production
of SM particles and DM particles through the decay of S.

551 H — 4W — 40 4 Ess

Assuming a large enough cross section for the single production of H, the decays

H — SS, Sh can lead to a sizeable production of 4 Ws. The leptonic decays would

Having said this, the state of the art fast simulation package Delphes 3’s [140] predictions of detector
effects in EJ'° are reasonable, but still not completely compatible with the full simulation packages
used by ATLAS and CMS. Detector simulation could be studied in a future work.
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Figure 19: Various leptonic kinematic distributions (normalised to unity) pertaining to the
process H — 4W — 4/ + ET"%, as described in Section 5.5.1.
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produce 4 charged leptons (electrons and muons) in conjunction with large EXss.
Due to the spin-0 nature of the S and / bosons, the leptons of the decay of each
boson appear close together [141], leading to an even more striking signature.

Figure 19 displays the kinematics of the leptons for mpy = 275,300 GeV and mg =
150 GeV for a pp centre of mass energy of 13 TeV. Results are shown assuming
BR(S — xx) = 0.5. In the event generation, both S and & are forced to decay to
WW, and these Ws are forced to decay semi-leptonically (including tv, decays,
since these can result in final states containing muons or electrons). Given the
8¢ — H cross section range mentioned in Section 5.4.1, one could expect a cross
section times BR of as much as about 50 fb for this process at the mass points
considered here.

The upper left plot shows the four-lepton invariant mass (114/). In the mass range
of interest here, the background is suppressed and it is dominated by the non-
resonant production of Z boson pairs in which at least one is off-shell [142, 143].
The production of the SM Higgs boson would need to be taken into account as
a background, although this could be suppressed by requiring a EM cut. The
contribution from processes where at least one lepton arises from hadronic decays
is sub-dominant to the production of pp — ZZ* — 4/.

The upper right plot displays a distribution of the smallest AR between opposite
sign leptons. This variable exploits the spin-0 nature of the S and h bosons.® The
distribution features a cut-off due to the requirement that leptons be apart from
each other by AR > 0.4 due to isolation requirements. The plot in the middle-left
displays the sum of the di-lepton azimuthal angle separation for the two opposite
sign pairs (A¢, ). Here the choice of lepton pairs is performed so as to minimise
the sum of the di-lepton azimuthal angle separation. The corresponding sum of
AR distances for this choice of lepton pairing is shown in the middle-right plot.
The lower plots display the transverse momentum of the 4 lepton system and the
EMiss. These distributions are significantly different from what one would expect

from the residual backgrounds from pp — ZZ* — 4/.

The kinematics of the decay depend on the tensor structure of the 5S-V-V coupling. This can be seen
in Reference [4].

87



88

THE PRODUCTION OF HIN A MORE COMPLETE THEORY

The production of tfZ is a source of four charged leptons [144]. This background
can be suppressed by a combination of requirements, including placing a veto on
the presence of jets and b-jets in the final state. The production 4Ws in the standard
model is dominated by t#tf [145, 81] and tfWW [81], which are significantly smaller
and can be neglected. The production of tftt with other final states has been inves-
tigated and no significant excess in the data has been observed with respect to the

SM prediction [146].

5.5.2 t(t)H — 6W — (H0H0+ + X

The production of double and single top quarks in association with the heavy
scalar can produce up to 6 Ws in association with b-quarks. This leads to the pos-
sibility of producing three same-sign isolated charged leptons (¢*¢*/%), a unique
and striking signature at hadron colliders. The production of same-sign tri-leptons,
including non-isolated leptons from heavy quark decays, was suggested in Ref-
erence [147] to tag top events. The production of isolated same-sign tri-leptons
has been studied in the context of the search for new leptons [148] and in R-
parity violating SUSY scenarios [149, 150]. Background studies performed in Refer-
ences [148, 150] indicate that the production of three same-sign isolated leptons is
almost negligible at the LHC, with a cross section of less than 1 x 1072 fb for a pp
centre of mass of 13 TeV. The background would be dominated by the production
of ttW with additional leptons from heavy flavour decays. This background is re-
ducible by means of isolation, impact parameters and other requirements [142, 143].
With a reasonable choice of parameters a fiducial cross section of 0.5 fb can be
predicted for 13 TeV centre of mass energy, rendering the search effectively back-
ground free.

It is relevant to study the kinematics of the final state here, as detailed in Fig-
ure 20. The event generation allowed for the decay of S and / into any channels
involving a W, Z or 7. To ensure a clean signal, leptons were only selected if they
did not come from a hadron decay — these processes contain many B-hadrons

which can decay into leptons. Under these conditions, the efficiency to select at
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Figure 20: Various hadronic and leptonic kinematic distributions (normalised to unity)
pertaining to the process tHH — 6W — (T(T(* + X, as described in Sec-
tion 5.5.2.
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least 3 leptons in an event was about 8%. Of these events, about 15% would con-
tain a group of three same-sign leptons. The upper left and right plots display
tri-lepton invariant mass and the scalar sum of the transverse momenta (Hr) of the
leptons, respectively. The transverse momentum of the three leptons is shown in
the middle-left plot. The EM** distribution is shown in the middle-right plot. The
average EMSS in these events is significant, and it adds to the uniqueness of the
signature.

Since the production of three same-sign isolated leptons requires the presence of
at least six weak bosons and/or T leptons, a large number of jets is expected from
those particles that do not decay leptonically. This makes the production of three
same-sign isolated leptons even more striking. In the analysis done here, hadronic
jets are defined using the anti-kt clustering algorithm [151] with the parameter
R = 0.4. Jets are required to have transverse momentum pr > 25GeV and to be
central, that is, in the range |77| < 2.5. The jet multiplicity of jets is shown in the
lower-left plot. The distribution peaks around 4-5 with a long tail stretching to 8 or
more jets. The differences displayed by changing mp are due to the fact that in the
case of my = 275 GeV one of the S bosons in H — SS becomes off-shell, reducing
the transverse momentum of the jets. The Ht constructed with jets is shown in the
lower-right plot.

The production of H with single top is not suppressed with respect to the #f
production, as it is in the production of the SM Higgs boson. The kinematic dis-
tributions shown in Figure 20 are similar to those displayed by the tH production
with the exception of the jet multiplicity and the jet Ht, due to the reduced produc-
tion of b-quarks. A similar discussion applies to the production of H* — W*H. It
is worth noting that the distributions shown in Figure 20 also apply to the combi-
nation of three leptons where the total charge is £1. There the SM backgrounds

are significant, although the signal rate is about 6 times larger.
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553 A — ZH — Z + jets + Eiss

In the literature regarding 2HDMs (the seminal example being Reference [27]),
one can find the Lagrangians describing exactly how the SM gauge bosons interact
with the 2HDM scalars. The sector of the Lagrangian describing the couplings

between A, Z and the CP-even Higgs bosons are as follows:

£V¢¢ D) m Sil’l(‘B — [X)Zﬂ (A&,,H — Ha},A)
My

If one considers Equation (5.41), it can be noted that in the limit where cos(f —
a) — 0, the coupling strength in A-Z-H becomes large while the A-Z-H simulta-
neously becomes small. This limit applies in the case where H is SM-like. For this
reason, in this model a prime search channel for A lies in the A — ZH decay, if m4
is large enough. If H — SS, Sh, then there are two obvious LHC based searches
which could already shed light on this decay mode. These are the typical SUSY
Z + EXsS [152, 153, 154] and the Zh (where h — bb, TT) searches [155, 156, 157].

Using the model presented above, a Rivet analysis was designed to mimic the
ATLAS Run 2 Z + EMSS selection, and events were passed through this selection
after being generated and showered at 13 TeV. The process which was generated
is g¢ =+ A — ZH, and thereafter Z — (¢ (where ¢ = ¢,u) and H — SS, Sh. Both
S and h are left open to decay, with S at 150 GeV and having SM-like BRs as well
as BR(S — xx) = 0.5. With a; = 1, the admixture of SS and Sh is considered to
be equal. my was considered at 300 GeV, m, = 60 GeV and m 4 took on the values
600 and 8oo GeV. With this choice of parameters, the process described here is well
within current limits for mono-jet and bb 4+ E™*® searches at the LHC, as shown in
Table 9.

The results of this are shown in the first four plots in Figure 21. Comparing with
the distributions in Reference [152], the shapes of the distributions seem consistent
with those from data. The pr of the di-lepton system is sensitive to the mass of

A, and can be used as a discriminant for its search. The selection efficiencies for
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Figure 21: Kinematic distributions of the leptons in A — ZH, where H — SS, Sh. The
top four pertain to the ATLAS Run 2 Z + EMss SR-Z selection. The bottom two
figures pertain to the ATLAS Run 2 A — Zh (h — bb) selection, with the 1 b-tag
category on the left and the 2 b-tag category on the right.
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Channel/region Prediction ‘ Experimental limit

Mono-jet with gg — H — SS — 4x at \/s = 8 TeV
Efiss > 250 GeV 15.1+0.18 fb 229 fb
> 300 GeV 8.90 + 0.063 fb 98.5 b
> 350 GeV 5.42 +£0.023 tb 48.8 b
> 400 GeV 3.42 +0.0093 fb 20.2 b
> 450 GeV 2.24 £+ 0.0040 tb 7.82 tb
> 500 GeV 1.48 £ 0.0017 fb 6.09 fb
> 550 GeV 1.00 £ 0.00080 fb 7.21 tb

bb + EI'ss with gg — H — Sh — bbxx at /s = 13 TeV
Signal region 0.10+0.03 fb | 1.38 fb

Yy 4+ EMS with gg — H — Sh — yyxx at /s = 13 TeV
High Spmi, high p]” | 0.265 +0.009 fb 121 fb
High Sppi, low pY” | 0.675+0.014 fb 12.1 fb
Intermediate Sppis: 3.17+£0.03 fb 12.1 tb
Rest 2.80+0.03 fb 12.1 fb

Table 9: Comparisons of the model’s predictions for gg — H against (model-independent)
visible cross section 95% CLs in the CMS Run 1 mono-jet [158], the ATLAS Run 2
bb + E%‘iss [159], and the ATLAS Run 2 7y + ETmiss [160] searches. For demonstra-
tion, the cross section of g¢ — H has been set to an optimistically high value of
10 (20) pb for /s = 8 (13) TeV, and yet the prediction is still well within the limits.
The mass and parameter points considered here correspond to those chosen in
Section 5.5.3. Binomial errors on selection efficiencies have been incorporated into
the theoretical predictions. The 7 + EMNS experimental limit is not presented per
category, so for each category the inclusive limit is shown.

the my = 600 and 8oo GeV simulations are 0.68% and 1.86%, respectively. The
ATLAS Run 2 excess of ~ 11 events at L = 3.2 fb~! can therefore be explained
by a g¢ —+ A — ZH production cross section of the order of tens of picobarns.”
However, contributions from pp — H — SS, Sh production could also be a factor
to account for, and in this case there would not only be contributions to the Z peak
region (70 GeV < my < 110 GeV), but also in the regions where the di-lepton
invariant mass () is significantly smaller or larger than mz. This is due to the
fact that in H — SS, Sh, S can have a large BR to WW, and di-lepton pairs will
come with EM in the form of neutrinos for this decay, whereas jets could be

found in the decay of the other S or h.

7 Note that since this study was performed, an updated result for the search has been published [161].
While the excess in the updated result is not as significant, it is still compatible with the statements
made here.
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The same events were passed through a selection mimicking the ATLAS Run 2
A — Zh (where h — bb) search [156]. While there has so far been no significant
excess in this channel, it is interesting to understand how the kinematics look for
A — ZH. The discriminant of these searches is typically the mass of the vector
boson and Higgs boson pair, as reconstructed through a di-lepton and bb system
in the 2 lepton category (for the 0 lepton category, a transverse mass is calculated
instead). The mass of the Zh system is shown by the last two plots in Figure 21. On
the right is the 1 b-tag category and on the left is the 2 b-tag category. Both plots
are shown in the categories with low pt of the Z boson (the high pr categories
have a small selection efficiency). The selection efficiency is dominant in the 2 b-
tag category with 2.2% and 1.8% for my = 600 and 8oo GeV, respectively. The
mass distributions do not peak at m4 because the final state is not just £/bb — more
particles can come from the decay of H — SS, Sh, making the final state more
diverse. Note that there is also a mass dependence on the b-tag categorisation. This
is due to the fact that the bb system four vector is scaled to the Higgs mass in the

analysis, whereas in this case S — bb could also occur, distorting the kinematics.

5.5.4 Summary of the lepton studies

The sections above have presented a set of interesting search channels that could
be used to directly search for the model constructed up until this point. How-
ever, they pertain mostly to theoretical arguments, showing both that interesting
search channels could be proposed and that the proposed model is well within
current limits from the LHC. It is up to the experimental collaborations to perform
searches that could constrain the parameter space of the model. So far, the ATLAS
collaboration has performed a search for the H — SS decay mode for a few mass
points [162], and has set limits in the production cross section times BR. The devel-
opment of MC samples for this search is shown in Appendix A, along with several
other implementations of the BSM model as part of different searches.

Without waiting for more experimental searches, the model can be constrained

indirectly through measurements of SM multiple lepton production. There exists



5.5 ANALYSIS OF SELECTED LEPTONIC SIGNATURES

a wealth of ATLAS and CMS results that report on the production of multiple lep-
tons in a generic way. A set of these results is used in the next chapter (Chapter 6)
to constrain the production cross section of H, thereby expanding on the studies

done in this past chapter. This shall go part-way in testing the model against a

more complete set of final states.
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LEPTON RESULTS

The iterative cycle of top-down and bottom-up studies discussed in the previous
two chapters has ultimately led to the prediction of enhanced production rates of
multiple leptons, both with and without additional b-jets. This progression was
developed as follows. This early study done in 2015, discussed in Section 4.1, sim-
ply considered the possibility of a heavy scalar H being compatible with the set of
results in Table 4. The result of this study had shown that with a single parame-
ter ﬁé (the scale factor for the production cross section of H) a set of ATLAS and
CMS Higgs physics results could be fit with a significance of 3¢. The square root
of the fit parameter was constrained to a value of B¢ = 1.5 £ 0.6, which pertained
dominantly to the production of the SM Higgs boson in association with two dark
matter particles x from the decay process H — hxx through an effective vertex.
The best fit mass of H was found to be at myg = 27232 GeV [3].

The next point of interest was to explore the possibility of introducing a scalar
mediator S (instead of using effective vertices), such that H could decay to Sh,
SS, and hh. This formalism was discussed in Chapter 5. The S was assumed to
have globally re-scaled Higgs-like couplings, such that its BRs could be fixed. The
possibility of embedding H into a Type-II 2HDM was also discussed [7]. More
importantly, however, a predictive set of potential search channels for the new
scalars was shown, as detailed in Table 8. A theoretical study on several final states
with multiple leptons was shown in Section 5.5. Furthermore, the multiple lepton
signatures predicted by the model were tested against the ATLAS and CMS data in
Reference [4], where the ﬁé parameter was constrained to the value of 1.38 £ 0.22

through a simultaneous fit to several independent data sets.
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In a similar spirit, this chapter presents the results of an updated fit to the avail-
able relevant ATLAS and CMS data with final states containing multiple leptons.
However, the focus of this study is shifted away from merely constraining the
model. As shall be discussed in this chapter, several results for the production
of multiple leptons have shown that the data are not well described by SM MC
predictions. Here, it shall be shown that these anomalies in the data deviate signif-
icantly from the state-of-the-art MC predictions, and that the failure of SM tools
to describe the data can be seen as indirect evidence for new physics processes
present at the LHC.

The same simplified model described in Section 5.4 is used along with its as-
sumptions, which acts as a source of multiple lepton production in association
with b-jets. The salient points of the model are re-iterated and expanded upon be-
low in Section 6.1. The masses of the new scalars are fixed and so only a single
degree of freedom is necessary to be constrained (that is, ﬁé), which eliminates
the need for a “look elsewhere effect”. Using the simplified model, events are
generated and analysed for a statistical comparison with the experimental results.
The specific details of these procedures are outlined in Section 6.2. The ensemble
of experimental results under consideration here is then discussed in Section 6.3,
and thereafter a fit is made to each result with the BSM prediction of the simpli-
fied model considered. A combination fit for the entire ensemble of results is also
shown. Finally in Section 6.4, the successes and failures of the introduced simpli-

fied model are discussed in light of the fit results.

6.1 THE SIMPLIFIED MODEL

The model used in this chapter is constructed as a result of the studies done in
Chapters 4 and 5. It is used without appealing to any UV complete theory, and is an
anomaly-free simplified model. Among the model’s most important assumptions
are the existence of two new scalar bosons, H and S. The masses of H and S are
considered to be fixed for this study, and take on the values of my = 270 GeV

and mg = 150 GeV. These choices are based on the best-fit values obtained for
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the masses from previous studies as performed in Section 4.1 and Reference [4].
This decision was made a priori, in order to avoid bias towards fitting the masses.
This reduces the number of degrees of freedom in the fits, allowing for a more
compelling statement to be made about the results. Therefore, it is not necessary
to quantify the results in terms of a look elsewhere effect.

In terms of interactions, H is assumed to be linked to EWSB in that it has Yukawa
couplings and tree-level couplings with the weak vector bosons V (W* and Z).
After EWSB, the Lagrangian describing H is Higgs boson-like. Omitting the terms
that are irrelevant in this Chapter, H interacts with the SM particles in the following
way:

mt .z my v

Lint D —ﬂg?ttH—F ﬁ‘,?gw VFVVH. (6.1)
These are the Higgs-like couplings for H with the top quark (t) and the weak
vector bosons, respectively, and is a more fundamental representation of the inter-
actions of H compared with the effective Lagrangian in Section 4.1. As done in
the previous chapters, the strength of each of the couplings is controlled by a free
parameter: B, for the H-t-t interaction and By for the H-V-V interaction. The vac-
uum expectation value v has a value of approximately 246 GeV. The omitted terms
include the Yukawa couplings to the other SM fermions and self-interaction terms
for H. It can be expected that the couplings to the other SM fermions would also
differ by a factor like B, however the effect would not make a noticeable difference
to the analysis considered in this article and therefore these terms are neglected.
Such numbers could also not be deduced from the LHC data at its current reach,
but could be considered with future searches for H — bb and "y ~, for example.

The first term in Equation (6.1) allows for the gluon fusion (¢gF) production
mode of H. As a baseline, B, is set to unity such that the H is produced with
a Higgs-like cross section. Due to the squaring of the matrix element in width
calculations, production cross sections involving this Yukawa coupling are scaled
by ,Bé Therefore, the value of ﬁé is used as a free parameter in fits to the data. We

have set B, = 0, such that the coupling of H to pairs of the weak vector bosons
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is significantly small; the associated production of H with the weak vector bosons
and VBF are negligible production modes.® The dominant production mode of H is
therefore ggF, while both single (tH) and double (ttH) top associated production
of H are also non-negligible. While single top associated production of a Higgs-
like boson is usually suppressed due to interference, the implicit assumption of
a significantly small H-V-V coupling allows for a sizeable tH production cross
section [88]. It has been shown in previous studies [4, 3] (and in Chapter 4) that the
tH cross section is enhanced to being approximately that of the ttH cross section.
The representative Feynman diagrams for the production modes of H are shown
in Figure 22, along with an indication of how the parameter B, affects diagrams.

The S boson, on the other hand, is assumed not to be produced directly but
rather through the decay of H. In principle, it is possible to include S as a singlet
scalar that has interactions with H and the SM Higgs boson h. Doing this would
allow the H to produce S bosons through the H — SS and Sh decay modes. Here
it is assumed that the H — Sh decay mode to have a 100% BR (also shown in Fig-
ure 22). These assumptions are all achieved by introducing the effective interaction
Lagrangians described in Section 5.4. S is given a VEV and couples to the scalar
sector as in Equation (5.37). The couplings are fixed to ensure that the H — Sh BR
is 100% (or equivalently that a; = 0 — see Equation (5.40)).

Secondly, S is given Higgs-like BRs by fixing the parameters in Equations (5.35)
and (5.36). The couplings here are chosen to be globally re-scaled Higgs-like cou-
plings. This is somewhat an arbitrary choice, although it has the dual advantage
of fixing the BRs of S (which in turn reduces the number of free parameters in
the model) and suppressing the direct production of S. The latter advantage is
motivated by the LHC data, since there have been no observations of directly pro-
duced Higgs-like bosons near a mass of 150 GeV at the LHC as yet. It is possible
to determine an upper limit on the value by which the couplings are re-scaled by
considering the ATLAS and CMS searches for a Higgs boson in the h — ZZ* — 4/

decay channel [163, 125], which provide event yields as a function of the Higgs

A study on the implications of including the VBF production mode is currently underway, but is for
the moment left for future studies.
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(a) Gluon fusion (ggF).

(b) Top pair associated production
(ttH).

(c) Single top associated produc-
tion (tH).

Figure 22: The representative Feynman diagrams for the leading order production modes
of H and its subsequent decay to Sh.
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boson mass. By considering the cross section and BR of a Higgs boson at a mass
of 150 GeV, assuming that such a particle would have the same reconstruction
efficiency and acceptance as the SM Higgs boson, and considering a systematic un-
certainty of 10% on the SM prediction, the LHC data exclude a value larger than
0.23 at the 95% confidence level. Squaring this value gives 0.054, which is the limit
on the relative rate for such a production compared with the un-scaled production
rate. In the analysis done in this paper, the value does not have to be chosen explic-
itly since only the BRs are needed as inputs, and a direct production mechanism of
S would not affect the results. A few of the shortcomings of making the arbitrary

choice for the S couplings are discussed in Section 6.4.

6.2 ANALYSIS STRATEGY

6.2.1  Process modelling

Predictions of the shapes produced by the BSM processes described above were
constructed from MC events as calculated by different event generators. For ggF,
the built in matrix elements for BSM Higgs boson production from Pythia 8 [82]
were utilised for the hard scatter process. For the case of tH and ttH, the hard
scatter process was simulated at LO using aMC@NLO [81]. In the case of tH, a five-
flavour proton is used to construct the matrix element. The resonance decays, par-
ton shower and hadronisation are all performed by Pythia 8 for each BSM process.
The masses of the relevant scalars were fixed to my = 270 GeV, mg = 150 GeV and
my = 125.09 GeV. The cross sections for each BSM process were scaled to the
highest order SM Higgs-like production cross sections at a mass of 270 GeV, as
taken from the LHC-HXSWG [33]. Such a cross section corresponds to ﬁé =1, and
is used as the baseline before the fitting procedure. Following the discussion in
Section 6.1, the tH cross section is set to be the same as the given ttH cross section.

The generated events are then passed through the Delphes 3 [140] fast simula-
tion package to model the response of the appropriate detector. This is done in

conjunction with an event selection using the CheckMATE 2 [164] analysis frame-
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work (which, by design, uses the FastJet [165] method to reconstruct jets). Event
selections were designed by hand to replicate the cuts and analysis techniques
given in the experimental search results. The selection codes were validated by
ensuring that the selection for a chosen process given in the experimental publi-
cations could be reproduced to within 10% of the value obtained by the custom
designed selection codes used for the results discussed here. Given the known
discrepancies between the Delphes 3 fast simulation and the full simulation done
by the proprietary ATLAS and CMS software, the resulting distributions from the
validation process performed very well when compared to the given distributions
as shown by the experimental collaborations.

In order to maintain consistency with the experimental results, the SM back-
ground predictions and their associated systematic uncertainties were taken di-
rectly from the experimental publications. In several cases, additional systematic
uncertainties were applied to the SM background predictions; these shall be ex-

plained in detail for each individual analysis in Section 6.3.

6.2.2 Statistical tools

All fits to the LHC data were performed using the HistFactory extension of the
RooStats framework [166], which is a template-based method of performing fits
based on maximising a profile likelihood ratio. The SM components of the fits
are always taken directly from the published experimental distributions, along
with their associated systematic uncertainties, which can be incorporated into the
HistFactory schema as variations of a distribution’s normalisation or shape. The
BSM component is always constructed using a single mass point (my = 270 GeV
and mgs = 150 GeV) so as to avoid potential bias and the look elsewhere effect,
and therefore only one degree of freedom is considered under the assumptions
stated in Section 6.1. The single degree of freedom is ,Bé, which maps directly to
the normalisation of the BSM signal with respect to the SM Higgs-like production

cross section of H.
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The statistical likelihood function L (ﬁé | 9) is constructed as the product of
Poisson probabilities for each bin and in each considered measurement. System-
atic uncertainties are incorporated as additional constraint factors in the likeli-
hood, which vary according to their associated nuisance parameters (NPs) 6 (Ref-
erence [166] contains a full description of how the likelihood is parameterised in
terms of different kinds of systematic uncertainties). The general form of the pro-

file likelihood ratio then takes the form:

_L(&I9)
A( 2) - W (6.2)

where 0 is the set of NPs which maximise the likelihood function for a given value
of ,82,, and ﬁﬁ, and @ are the values of ,Bé and the set of NPs which maximise
the likelihood function over the entire parameter space. The best-fit value of the
parameter of interest (,Bé) is identified as the minimum of —2log A (,Bé.), where a
deviation of one unit in this quantity is equivalent to a 1o deviation from the best-
fit point of the parameter of interest. Since the value ﬁé = 0 corresponds to the
SM-only hypothesis (the null hypothesis), the significance of each fit is calculated

as:
Z = /—2log A (0). (6.3)

63 FITS TO LHC DATA

Experimental searches for final states containing multiple leptons in high energy
proton-proton collisions at the LHC have been performed in a variety of contexts
by the ATLAS and CMS experiments. The types of results include searches for the
SM production of top quarks decaying to OS lepton pairs, searches for Higgs bo-
son production in leptonic final states and BSM searches for the production of SS
lepton pairs, to name a few. Many of these searches involve either a signal or dom-

inant background component that contains top quarks in the final state. Therefore,
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Data set Reference Selection
ATLAS Run 1 | ATLAS-EXOT-2013-16 [167] | SS ¢¢ and £¢¢ + b-jets
ATLAS Run 1 | ATLAS-TOPQ-2015-02 [168] | OS ey + b-jets
CMS Run 2 CMS-HIG-18-009 [169
CMS Run 2 CMS-TOP-17-018 [
CMS Run 2 CMS-PAS-SMP-18-002 |
ATLAS Run 2 | ATLAS-EXOT-2016-16 [172

[
[

1| SSeu, pyu and £40 + b-jets

1| OSeu

171] | 000 + EXSS (WZ)
1 | SS £¢ and ¢4¢ + b-jets
]| OSeu + bjets
] | €00+ EMiss (WZ)

ATLAS Run 2 | ATLAS-CONF-2018-027 [173
ATLAS Run 2 | ATLAS-CONF-2018-034 [174

Table 10: A list of the ATLAS and CMS experimental results pertaining to final states with
multiple leptons that are considered here. For each result, a simple baseline se-
lection is shown. The different kinematic cuts and categories are not shown here,
but are described for each analysis below.

the results are often always dependent on the number of b-jets produced with the
leptons. Note that any lepton / refers to either an electron or a muon. Contribu-
tions from the production of T-leptons are only relevant if they subsequently decay
leptonically.

The ensemble of results considered is shown in Table 10. The majority of results
come from the Run 2 data sets, due to the fact that the increased luminosity and
cross sections of most of the processes implies a greater statistical precision in
the data. The selection of charges for the leptons ensures that each data set is
statistically independent, where any potential double counting could only arise
through charge mis-identification, and is expected to be negligible. For each result
in Table 10, a fit is made using the SM and BSM theoretical predictions discussed
in Section 6.2.1 as inputs to the statistical method described in Section 6.2.2. The
results of each fit are shown in the sections below. In Section 6.3.8, a combination

of all the results is shown.

6.3.1 ATLAS Run 1 search for SS leptons in association with b-jets

The production of two SS leptons is a rare process in the SM. This makes it a
striking signature for BSM theories that could predict SS lepton pairs via cascaded

decays. The ATLAS Run 1 data set was used in a search for SS lepton pairs in
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association with b-jets, with the goal of constraining BSM models that predict the
existence of heavy vector-like quarks (VLQs) [167]. This kind of search is sensitive
to the ttH and tH production modes of the simplified model considered in this
study, since a SS lepton pair can be selected from the combination leptonic top
quark decays and S — V'V decays. The b-jets from the top quark and h — bb
decays make for a high probability of reconstructing three b-jets in the final state;
this is discussed in detail in Reference [139].

The data set for the search is statistically limited, and therefore the overall rates
per signal region (SR) are used to fit the BSM prediction in this case (instead of the
differential distributions). As a baseline selection, the analysis requires two or three
leptons in the final state, with at least one SS lepton pair. The SRs are separated by
b-jet multiplicity and different cuts on missing E™* and Hr, which in this case is
the scalar sum of the lepton and jet transverse momenta. These cuts are optimised
to identify the signal from a model that predicts the production of VLQs, but are
still sensitive to the simplified model used here due to relatively low cuts on EMss,

The SRs are defined as follows:

SRVLQO: Nyjer =1;  EIISS > 40 GeV; 400 < Hr < 700 GeV,
SRVLQ1: Npjer =2;  EFS > 40 GeV; 400 < Hr < 700 GeV,
SRVLQ2: Npjer >3;  EF'S > 40 GeV; 400 < Hr < 700 GeV,

SRVLQ3: Npjet =1; 40 < EFs* <100 GeV;  Hr > 700 GeV,
SRVLQ4: Npjet =1;  EF¥SS > 100 GeV; Ht > 700 GeV,
SRVLQ5: Npjet =2; 40 < EF's* <100 GeV;  Hr > 700 GeV,
SRVLQ6: Npjet =2;  EF'SS > 100 GeV; Ht > 700 GeV,
SRVLQ7: Npjet > 3;  EP'S > 40 GeV; Ht > 700 GeV.

Given the categorisation shown above, a fit was made to the data using the
SM+BSM hypothesis on the total rate per SR. An overall normalisation system-
atic uncertainty was applied to the SM prediction, ranging between 19% and 90%
depending on the SR in question. The systematic uncertainty was assumed to be
correlated over all of the SRs (i.e. the fit did not allow a bin-by-bin variation of
the SM prediction). In the fit, the BSM fit parameter 5§, was best fit at a value of

6.51 £ 2.99. This result is relatively high compared to the other results calculated
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Figure 23: The SM+BSM fit result for the ATLAS Run 1 search for SS leptons in association
with b-jets binned by the SRs defined in the text. The horizontal axis represents
a production rate normalised to that of the SM. The BSM prediction is scaled
to the best-fit value of ‘Bé, while the SM and its systematic uncertainty do not
incorporate the constraints imposed by the fitting procedure.

in this study. The implications of this are discussed in Section 6.4. In terms of the
significance of this deviation from the SM-only hypothesis, this corresponds to
Z = 2.370. The performance of the fit per SR can be seen in Figure 23.

Due to a lack of statistics and large systematic uncertainties in this measurement,
the significance of the fit is not high enough for this measurement to be noteworthy
on its own. However, the kinematic requirements for each SR shows the simplified
model’s strength in being able to describe excesses in the data with multiple lep-
tons and at least three b-jets. The requirements on E’fT’“iS'S and Hr are relatively loose
in this measurement, compared to other experimental searches that consider the
production of heavy particles — SUSY for example. The simplified model is pro-
duced dominantly in the region of the phase space with low EMS, making these
searches of particular interest, as opposed to SUSY searches where the model does
not produce a significant signal. The equivalent CMS and ATLAS Run 2 versions

of this measurement are discussed in Section 6.3.4 and Section 6.3.5, respectively.
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6.3.2 ATLAS Run 1 di-lepton invariant mass spectrum

Measurements related to the SM production of top quarks are not typically consid-
ered in the search for BSM physics. However, the very simple selection applied to
the events considered in such measurements makes for a set of robust distributions
against which new physics theories can be tested. From the ATLAS Run 1 data set,
a set of differential distributions pertaining to the SM production of top quarks
was reported [168]. The events selection in this measurement is a simple selection
of an electron and a muon in association with at least one b-jet.

For this measurement, the di-lepton invariant mass is considered as a discrimi-
nating variable in the fit. This is because the simplified model used here produces
a well defined narrow peak at a value of m; ~ 50 GeV, and can be easily dis-
tinguished from the SM background peak at around 9o GeV. In addition to this,
it is modelled relatively consistently with different event generators in the region
where the BSM signal is concentrated. The slight variations of the SM prediction
in this region can be covered easily with a systematic uncertainty that affects the
SM normalisation.

A fit to this distribution was previously made using the same simplified model
in Reference [4]. However, the previous fit was made only by maximising a like-
lihood for the entire distribution; the effects of systematic uncertainties were in-
ferred after the fit result. Here a fit is presented that takes systematic uncertainties
into account by minimising the profile likelihood ratio in Equation (6.2). The ap-
plied systematic uncertainty is determined as follows. With the assumption that no
significant new physics signals appear in the tail of the distribution, the entire SM
prediction is scaled to the data in the region where m,, > 110 GeV; the scale fac-
tor was calculated to be 0.984. In doing this, many of the systematic uncertainties
that affect the normalisation of the SM prediction become irrelevant. The uncer-
tainties which are not affected by the scaling were then added up in quadrature
and found to affect the normalisation of the SM by just under 2%. Therefore, a
normalisation systematic uncertainty of 2%, correlated over all of the bins of the

distribution is applied to the SM prediction in the fit. In order to avoid bias with
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the scaling procedure, the fit is only performed on the bins where m,, < 110 GeV.
The 2% uncertainty on the normalisation includes the variation of scales for the
SM prediction, which only varies by a normalisation factor in the fit region.

The result of the fit gives a best-fit value of 1857 at 4.09 £ 1.37, corresponding to a
significance of Z = 2.99¢. The distribution overlaid with the SM+BSM fit is shown
in the upper panel of Figure 24. The BSM prediction performs very well in its
ability to explain the excess in the first few bins of the distribution. In the fit, the
SM prediction is raised by slightly less than 1% in the profiling of the systematic
uncertainty, such that the peak of the SM distribution is also fit well. It should
be noted that the tail of the SM distribution, while not included in the fit, is still

compatible with this constraint.

6.3.3 CMS Run 2 di-lepton invariant mass spectrum

Similar to the ATLAS Run 1 di-lepton invariant mass spectrum discussed above in
Section 6.3.2, CMS have more recently published an m, spectrum with a partial
Run 2 data set [170]. The key difference between the ATLAS Run 1 result and the
CMS Run 2 result is that CMS does not place any requirements on the number
of b-jets in the final state. The CMS result, therefore, has a significant contribution
from the SM Drell-Yan process, which enhances the SM background and shifts the
inclusive peak to around 7o GeV. The fitting procedure for this measurement is
similar to that of the ATLAS Run 1 results described in Section 6.3.2, with some
differences that will be described below.

On the inspection of the my, distribution in Reference [170], it is clear that there
exists an excess of events at low invariant mass values, consistent with the results
discussed in Section 6.3.2. However, it also becomes evident that the entire back-
ground SM prediction is poorly modelled with respect to the data, the tail of the
distribution is underestimated by the theoretical prediction. This is most likely
due to a discrepancy present in the nominal t#f MC prediction used in the mea-
surement (that is, the POWHEG V2 [175] tf sample). This is justified by noting the

my, differential distribution in the measurement of tf fiducial cross sections [176],
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Figure 24: The SM+BSM fit result for the di-lepton invariant mass spectrum reported by
ATLAS in Run 1 (above) and CMS in Run 2 (below). In each case, ,Bé has been
scaled to its best-fit value. The SM predictions and systematic uncertainties do
not incorporate the constraints imposed by the fit.
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which corresponds to a fiducial phase space enriched by tf events. One can note
from this distribution that the same POWHEG V2 sample does not describe the data
as well as the other two tf samples it is tested against. For this reason, the distribu-
tion in Reference [176] is used to re-weight the tf distribution in Reference [170]. In
doing so, the large excess at low values of my, is reduced and the tail is flattened,
such that the entire distribution is able to describe the data far better after the re-
weighting (up to a normalisation factor). The origin of this apparent discrepancy
in the modelling of the tf process is uncertain.

The theoretical SM MC predictions are scaled to the data in the region where
my; > 110 GeV, and the fit is done in the region where my < 110 GeV (simi-
larly to the ATLAS Run 1 my, distribution). The Drell-Yan prediction, however, is
not altered by this scaling. Instead, the Drell-Yan prediction is left at its nominal
normalisation, and an exceptionally large normalisation systematic uncertainty of
6.86% is applied to it. All of the other SM components are given a normalisation
systematic uncertainty of 3%. Similarly to Section 6.3.2, the scale uncertainties on
the tf background only affect the normalisation of the distribution in the region
where myy < 110 GeV, and so the 3% uncertainty incorporates the scale uncertain-
ties. Note also that uncertainties related to the choice of event generator are small
as in Section 6.3.2, and are therefore covered by the conservative normalisation
uncertainty of 3%. The result of the re-weighting and scaling procedures is an m1y,
distribution that is very well described at the peak and in the tail, however still
with a significant excess of events at low m. This can be seen in the lower panel
of Figure 24, along with the SM+BSM fit result.

The fitting process favours the SM+BSM hypothesis with a significance of Z =
5.45¢0 (this fit has the highest significance for all of the individual fit results in the
ensemble in Table 10). The corresponding best-fit value of ,Bé is 2.79 £ 0.52. The
statistical precision of the measurement is the main reason why the significance of
the SM+BSM fit is so high. For one, the statistical uncertainty on the data is negli-
gible compared with the systematic uncertainty on the SM prediction. In addition
to this, the profiling of the systematic uncertainties places strong constraints on

the best-fit normalisation of the SM background. Due to the statistical precision
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of the data set, and the excess of events below my = 60 GeV, there is a strong
tension between the SM-only hypothesis and the data. Since the BSM prediction
is distributed exactly where the excess of events is, the SM+BSM fit resolves this
tension with a large significance. It should be noted that any significant variation
of the normalisation or shape of the SM background in the fit would have nega-
tive consequences on the compatibility of the tail of the distribution with the data,
which is so well described by the SM prediction. In the SM+BSM fit, however, the
variation of the normalisation of the SM backgrounds is negligible (less than 0.1%).

With such a significant effect, it was deemed necessary to search for other mea-
surements in which the excess might be localised. This was found in the tf/ Wt
control region (CR) of the ATLAS Run 2 Higgs production cross section measure-
ment in the WW* — evuv decay channel [177]. The BSM model is sensitive to
the selection criteria of this measurement since it requires one high pr b-jet and
exactly one central un-tagged jet. Since the discriminating variable of the search in
this measurement is that of transverse mass (), the excess may localise to a broad
peak in S — WW* decays. It was decided not to include this measurement in the
fit, since its event selection overlaps significantly with that of the measurement
discussed in Section 6.3.6, and including it in the combination would be double
counting. In an attempt to reduce the experimental systematic uncertainties on the
distribution, it was determined that the BSM model would only produce a signal
in the region of mt < 200 GeV, and therefore the distribution was scaled to match
the integral of the data in the region above 200 GeV.

Doing this reveals a broad structure in the data, compared with the SM predic-
tion, that peaks at around mr = 150 GeV. This can be seen in Figure 25. Such a
structure could be well described by a resonance decaying to a pair of W bosons
in association with a b-jet; in this case the S boson (having a mass of 150 GeV) is a
prime candidate. The BSM m distribution, however, does not have a peak where
the data peaks. Due to the off-shell nature of the H — Sh decay, the distribution

peaks below the Higgs mass.? The SM+BSM fit still improved on the SM-only hy-

This also implies that small changes in the masses of H and S would not drastically shift the peak.
As long as the H — Sh decay is off-shell, the position of the peak is saturated towards a value below
the Higgs mass.
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Figure 25: The transverse mass distribution in the ATLAS Run 2 h — WW™ top CR, scaled
such that the integral in data and the SM MC match in the region of mr >
200 GeV. An estimated flat systematic uncertainty of 2% is drawn only as a
baseline.

pothesis, however the improvement was weak (less than 2¢). This incompatibility
with the simplified model described in this thesis is an exciting prospect, and such
a measurement might aid in future developments of the model towards potentially

more complicated new physics processes.

6.3.4 CMS Run 2 search for SS leptons in association with b-jets

The CMS Run 2 data set was used to make a search for the SM Higgs boson in
association with a single top quark [169]. The event selection in this search is very
similar to the ATLAS searches for SS leptons in association with b-jets (discussed
in Section 6.3.1 for Run 1 and below in Section 6.3.5 for Run 2). The simple event
pre-selection requires two or three leptons in the final state with at least one SS
pair. In addition, at least one b-jet is required along with at least one additional
un-tagged jet. The events are further categorised into three categories, ey, yuu and

20¢, depending on the multiplicity and flavour of the leptons.
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A very simple fit was made using this measurement in the results of Refer-
ence [4], where a total rate of events for Njet > 3 with and without the BSM signal
was compared for each category. Here, the fit is extended by combining all three
categories for a greater statistical precision. The variable that is used to fit the
BSM prediction is the highest pseudo-rapidity for high pr jets (that is, jets with
pr > 40 GeV). This decision was made based on the fact that the systematic un-
certainty on the SM is smaller for this variable than that of the other variables
considered in the search (in addition to a reasonable signal to background dis-
crimination). The applied systematic uncertainty is considered to be an overall
normalisation variation, calculated as the sum of the total systematic variations
from each category.

The BSM contamination in this signal region is non-trivial. Whilst one might
expect that the dominant contribution to the event selection comes from the ttH
production mode, it is actually the ggF production mode that is dominant. This is
due to the much larger ¢ggF cross section compared to that of ttH and tH, in addi-
tion to the fact that leptons from heavy-flavour decays in the ggF production mode
contribute to the signal with a non-negligible probability. These effects are usually
accounted for in the lepton isolation criteria used by the experiment. However, due
to the ambiguity of these criteria described in this particular measurement, a crude
estimate was made on the probabilities for both prompt and heavy-flavour decay
leptons to be accepted or rejected in the selection. This estimate was validated us-
ing event yields for known processes given in Reference [169], and was found to
perform well.

The result of the fitting process is shown on the left in Figure 26. Note that,
although a bin-by-bin variation is shown as a systematic uncertainty in the plots
in Figure 26, the fit makes use of an overall normalisation variation. The resulting
best-fit value of ,8; is 1.41 & 0.80. This corresponds to a significance of Z = 1.75¢.
The overall agreement of the SM+BSM prediction compared with the data in the fit
looks reasonable. The addition of the BSM prediction helps to explain the overall
elevation of the data compared with the SM, although this is not a significant effect

due to the fact that this elevation can be covered by the systematic uncertainty. A
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Figure 26: The SM+BSM fit results applied to searches for SS leptons in association with
b-jets in the CMS (left) and ATLAS (right) Run 2 data sets. The discriminating
variables in the fit are the highest value of pseudo-rapidity for high pr jets in
the CMS search and the b-jet multiplicity in the ATLAS search. In each case,
‘B§ has been scaled to its best-fit value, while the SM predictions are shown at
their nominal values without any fit constraints. The systematic uncertainties
are shown as bin-by-bin effects, as reported by the experimental collaborations.
However, in the fit an overall normalisation systematic uncertainty is considered
for each measurement.

more interesting feature is the ability of the BSM prediction to partially explain
the greater elevation for events with forward jets (that is, || > 2.5). The signal
contribution in this region is dominated by the tH and ttH production mechanisms.
Due to the fact that the statistical uncertainty is still large for this measurement, it

would be interesting to revisit this analysis with more data.

6.3.5 ATLAS Run 2 search for SS leptons in association with b-jets

The Run 2 version of the ATLAS search for SS leptons in association with b-
jets [172] provides a more statistically precise and systematically constrained mea-
surement than that of Run 1 (the result discussed in Section 6.3.1). The categorisa-
tion into SRs is slightly different, as in this case a selection of auxiliary plots show
differential distributions combining all the SRs. Therefore, the details of the SRs
are not important in this study; but it should be noted that the combination of all

SRs have minimal cuts of E%‘iss > 40 GeV and Hrt > 500 GeV.
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Based on a study conducted on signal to background ratios (using the MC pre-
dictions), it was clear that the most sensitive variable to the BSM prediction is that
of the b-jet multiplicity. In the ATLAS data, the distribution of b-jet multiplicity de-
viates from the SM in the bin with exactly 3 b-jets. The top associated production
modes of the BSM scalar H come with several b-jets in the final state, due to the
decays of both the top quarks and the intermediate SM Higgs boson in the process.
The g¢F BSM production mode has a relatively small acceptance into the event se-
lection of this measurement, and therefore the overall BSM prediction does a good
job of explaining the excess in the distribution of b-jet multiplicity. Similar to the
CMS result in Section 6.3.4, a single normalisation systematic uncertainty was con-
sidered for this measurement, corresponding to the overall systematic uncertainty
on the SM background.

The best-fit point for ,Bé in the SM+BSM fit is found at 2.22 £ 1.19. This cor-
responds to a significance of Z = 2.01c. The result of this fit is shown in the
distribution of b-jet multiplicity on the right of Figure 26. While the significance of
the fit is not particularly high, this is still an important result in this study. This
is because Reference [172] provides the only distribution of b-jet multiplicity from
ATLAS that can be related to the top associated production of the Higgs boson
in multi-leptonic final states. As demonstrated in Reference [4], the ttH and tH
BSM production modes discriminate most strongly against the SM prediction of
b-jet multiplicity, and this effect can be seen in the data here. A similar (yet very
strongly correlated) excess can be seen in the more recent ATLAS results in the

search for four-top-quark production [146].

6.3.6 ATLAS Run 2 “top spin correlations”

Measurements of the azimuthal angle between OS leptons have historically been
used to understand spin correlations in top quark decays. The most recent study
of the distribution, as presented by the ATLAS collaboration using a partial Run
2 data set [173], has shown that a significant deviation from the SM exists. This

result is interpreted by the experimental collaboration as being an indication of
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mis-modelled top quark spin correlations in the SM tf MC predictions. Here it is
argued that the deviation is not necessarily due to the mis-modelling of the SM tf
production process, but that a contamination of the proposed BSM signal studied
here can alleviate the discrepancy between the data and the SM prediction. Recent
results on higher order corrections have claimed that the incompatibility with the
data is alleviated in the NNLO description of the tf prediction [178]. However,
as detailed in Reference [5], this is not holistically correct, since it does not take
into account the correlation of higher order corrections with the shape of the m,
distribution.

It was decided to consider the “inclusive” distribution of A¢(I*,17), the differ-
ence in azimuthal angle between different-flavour OS (DFOS) di-leptons, in order
to understand the BSM signal’s effect on the measurement. This selection requires
that events have at least one b-jet. The discrepancy can be seen in the detector level
distribution, where in the data the lower values of A¢(I*,]”) are underestimated
by the SM prediction, and the higher values are overestimated. However, it is also
clear that there exists some uncertainty in the different SM MC predictions at high
values, whereas the different MC predictions agree relatively well at low values.
Due to this discrepancy the aMC@NLO + Pythia 8 prediction was chosen as a base-
line, since it does the best job of describing the data in the region of high A¢(I™,17).
Thereafter, a conservative bin-by-bin systematic uncertainty was applied to cover
the variation of the other SM tf predictions, constructed using the difference of
the MC predictions tested in the ATLAS result. This uncertainty varies from 0.3%
at Ap(I*,17) = 0 to around 2.5% at A¢(I*,]7) = . In addition to this, all the
appropriate experimental systematic uncertainties were applied to the SM predic-
tions. The BSM contribution to the distribution is dominated by the ggF production
mode. In general, the DFOS leptons come from the S — WTW~ — e*vu*v decays,
whereas any extra b-jets come from the h — bb decay mode. Since the di-lepton
pair comes from a cascaded decay via the heavy scalar H, the A¢(I™,17) spec-
trum produced by the BSM ¢ggF production process peaks at low values, which is

opposite to that of SM tf production.
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Figure 27: The SM+BSM fit result for the DFOS A¢(I™,1~) distribution reported by ATLAS
using a partial Run 2 data set. Here, ﬁi, has been scaled to its best-fit value. The
SM predictions and systematic uncertainties do not incorporate the constraints
imposed by the fit.

The SM+BSM fit does a remarkable job in describing the excess of data in the
low end of the A¢(I*,17) spectrum. The best-fit value of B3 is slightly higher than
most of the other fit results, and is fit at 5.42 £ 1.28, corresponding to a signifi-
cance of 4.06¢. The result of this fit can be seen in Figure 27. Note that, like all of
the other data comparisons, the systematic uncertainties and SM predictions are
shown at their nominal and un-scaled values. It is only the BSM prediction that
has been scaled to its best-fit normalisation. The inability of the SM to describe the
data (even within systematic uncertainties) is due to the fact that the dominant sys-
tematic uncertainties only affect the overall normalisation of the SM, whereas the
excess in the data clearly has a shape dependence. The BSM prediction matches
this shape dependence very well, and hence the SM+BSM fit has a high signifi-

cance.
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6.3.7 ATLAS and CMS Run 2 measurements on WZ production

Up until this point, this study has been concerned mostly with measurements that
have dominant components relating to top quark production. It is therefore fair to
assume that the fit results up until this point might be biased towards potential
mis-modelling of SM top production processes. However, it can be shown that
multi-lepton excesses exist also in measurements that are dominantly sensitive to
EW processes.

To demonstrate this, one can consider the SM measurements of WZ production
as presented by the ATLAS [174] and CMS [171] experiments in their Run 2 data
sets. These measurements both select events with exactly three leptons, two of
which must be a same-flavour opposite-sign (SFOS) pair with a mass close to the
Z boson mass. A cut on EI* is also made to select events containing a leptonically
decaying W boson. The main difference between the ATLAS and CMS event selec-
tions is that the CMS selection vetoes events containing b-jets, whereas the ATLAS
selection does not apply such a constraint. The event selections applied to these
searches are almost completely orthogonal to the other measurements considered
here.

The only common distribution shown in the SR for both ATLAS and CMS is
that of the Z boson pr (that is, the pt of the SFOS di-lepton system with a mass
closest to the Z boson mass). Since this variable relies only on the performance of
reconstructing the momentum of light leptons, it is therefore relatively robust and
not likely to suffer from theoretical mis-modelling. For this reason, it was chosen
to be the discriminating variable in the SM+BSM fit. The SM prediction of the Z
boson pr in the WZ production process was calculated at NLO in terms of QCD
corrections in both the ATLAS and CMS measurements, but not with the NLO EW
corrections. A study on the recent literature in SM WZ production at the LHC has
shown that the current predictions are relatively robust, with the overall NLO EW
corrections having only a small effect on the Z pt spectrum [179, 180].

For these measurements, the ggF BSM production mode again dominates over

the top associated modes in terms of contamination into the SRs. An MC study
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showed that the BSM prediction studied here seldom produces a SFOS lepton pair
close to the Z mass, and therefore the acceptance is still relatively low. However,
due to the fact that the Z boson is most often produced through a cascaded off-
shell decay (through the h — ZZ or S — ZZ decay mode), it has a very low pr
on average. Therefore, it described the mild excesses seen in the ATLAS and CMS
data at low Z pr relatively well.

It was decided that the Z boson pr would not be scaled to match the integral
of the data in the tail of the distribution (which was done in the m, distributions
discussed in Section 6.3.2 and Section 6.3.3). Therefore, the full set of experimental
systematic uncertainties was applied to the SM distributions in the fitting proce-
dure. It was also evident that a comprehensive study on the theoretical uncertain-
ties in the region of low Z pr for WZ production must be understood so that the
significance of the excess in the data could be characterised more accurately. This
was done in a few different respects.

Firstly, a scale uncertainty as a function of the Z pt was derived by varying
the dynamical renormalisation and factorisation scales (ur and up, respectively)
at NLO using aMC@NLO and Pythia 8. The central dynamic scale is calculated on
an event-by-event basis, and is defined as half of the scalar sum of transverse mo-
menta for the final state particles (Hr/2). For the check, events were generated and
passed through the Delphes 3 fast simulation package. The CMS Run 2 WZ event
selection was used for the purposes of this check. The effect of varying ur and ur
by a factor of 0.5, 1, and 2 was determined by finding the maximum and minimum
deviations from the nominal case in terms of the differential cross section as a func-
tion of the Z pr, as shown in the top of Figure 29. As can be seen in the spectrum,
the associated scale uncertainty is of the order of 5% in the region of pr < 100 GeV,
and grows to around 10% at high pr. This check was also performed with the
POWHEG event generator and the Herwig 7 parton shower, the results of which are
compatible with the result above.

Secondly, the effect of changing the matrix element and parton shower of the
event generation process was studied by comparing the Z pr for all the combina-

tions of events generated with POWHEG and aMC@NLO, and showered with Pythia 8
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Figure 28: The SM+BSM fit result for the CMS (top) and ATLAS (bottom) measurements
of SM WZ production. Only the BSM prediction has been scaled to its best-fit
value. The SM predictions and their associated uncertainties have been left at
their nominal values.
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and Herwig 7 [181]. The normalised Z pr spectrum for the four different combina-
tions can be seen in the middle of Figure 29. Here, the nominal case can be thought
of as POWHEG + Pythia 8, since both ATLAS and CMS use this for their measure-
ments. The biggest deviation from the nominal is therefore aMC@NLO + Pythia 8,
the reason of which is unclear. However, it can be said that changing from POWHEG
to aMC@NLO would have accentuated the apparent excess at low Z prt by an unrealis-
tic amount. Therefore, it was decided that POWHEG + Pythia 8 models the SM WZ
production the best, and so this prediction was used in the fits.

Next, the effects of changing PDF sets was studied by producing the Z pr spec-
trum with the CT14 [182], MMHTnlo [183] and PDF4LHCnlo [184] PDF sets. This effect
was seen to only alter the normalisation of the prediction slightly, and therefore
was not considered a significant systematic uncertainty.

Finally, due to the fact that the MC event generators which are used in the
measurements do not account for higher order EW corrections, an estimate on the
effect of the real radiative corrections to the Z pt was made by altering the Pythia
8 parton shower. SM WZ events were generated at LO in QCD using Pythia 8, in
order to separate the EW corrections from the QCD corrections. The Z pr spectrum
with and without photonic emissions in the shower can be seen in the bottom of
Figure 29. It can be seen that the most significant correction to the pr in terms of
real EW corrections comes at high pr, which is far from the region in which the
BSM model discussed here predicts a signal. In this region, the current statistical
imprecision of the data dominates over the potential for the Z pr spectrum to be
significantly altered by EW corrections. Of course, virtual EW corrections should
also play a role, however these will be much smaller than the real corrections.

In both the ATLAS and CMS measurements the SM+BSM fit favoured the best-
fit value of ,Bg, to be rather high, at 9.05 & 3.35 for the ATLAS measurement and
9.70 £ 3.88 for the CMS measurement. This corresponds to significance values of
2.52¢ and 2.360, respectively. The distributions with the BSM prediction scaled to

the best-fit value can be seen in Figure 28.
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Figure 29: Theoretical studies on how different effects alter the differential cross section
and shape of the SM WZ process as a function of the Z py. On the top, scale
uncertainties as determined by aMC@NLO and Pythia 8. The thick black line rep-
resents the spectrum at the nominal scale, and each grey line is a variation of
the scale. The insert shows the maximum and minimum relative deviations for
all scale variations. In the middle the effect of changing the event generator and
parton shower program, normalised to unity. On the bottom, the approximate
effect of EW corrections determined by switching photonic emissions on and
off in Pythia 8, normalised to unity.
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Selection Best-fit ,Bﬁ, Significance
ATLAS Run 1 SS leptons + b-jets 6.51 299 2.370
ATLAS Run 1 DFOS di-lepton + b-jets | 4.09 +1.37 2.990
ATLAS Run 2 SS leptons + b-jets 222+1.19 2.010
CMS Run 2 SS leptons + b-jets 1.41+0.80 1.750
CMS Run 2 DFOS di-lepton 2.79 +0.52 5.450
ATLAS Run 2 DFOS di-lepton + b-jets | 5.42 +1.28 4.060
CMS Run 2 tri-lepton + Eiss 9.70 +-3.88 2.360
ATLAS Run 2 tri-lepton + EITmss 9.05+3.35 2.520°
Combination 292+0.35 8.040

Table 11: A summary of the SM+BSM fit results for each measurement, along with the
result of their combination.

6.3.8 Combination

Each of the results studied here makes use of a profile likelihood ratio to constrain
the single fit parameter ,Bi, under the SM+BSM hypothesis. With these profile like-
lihood ratios constructed as a function of ﬁﬁ,, it is relatively straightforward to
perform a simultaneous fit on all of the results considered, and therefore make
a combination of the independent data sets under the SM+BSM hypothesis. The
combined profile likelihood is constructed by multiplying the profile likelihood
ratios for each individual measurement. Then, the best-fit value of [% and sig-
nificance can be calculated similarly to the individual results (i.e. by minimising
Equation (6.2) and using Equation (6.3)). Doing so constrains the parameter ,Bé to
the value 2.92 + 0.35, which corresponds to a significance of Z = 8.04¢ in favour
of the SM+BSM hypothesis over the SM-only hypothesis. A summary of all the in-
dividual fit results, as well as the combination, can be seen in Table 11. In addition
to this, each of the individual profile likelihood ratios are shown in Figure 30, with
the combined case shown in black.

In terms of the combination that we have performed, the calculated significance
can only be treated as an estimate of the “true” value, due to the fact that we lack
much of the necessary information to formally combine the results. For one, statis-

tical correlations for the effects of systematic uncertainties have not been accounted
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for. Having said this, since there exists a diverse set of measurements in the com-
bination, it is not obvious that incorporating such correlations would have a big
effect on the final fit result. Another necessary bit of information that is lacking is
the exact way in which the experimental systematic uncertainties affect the shapes
of the SM distributions that have been fit. The best possible approximation that
could have been made was to incorporate bin-by-bin variations for those that do
have understandable effects. However, it stands to reason that a more rigorous and
insightful application of systematic uncertainties to the distributions could change
the final fit results.

Due to the high statistical precision of many of the results studied here, it is
important to understand the effect of systematic uncertainties on each of the fit
results. In Figure 31, for each measurement considered, the profile likelihood ratio
is shown overlaid with the corresponding negative log likelihood (NLL), as a func-
tion of ,Bé Since the NLL does not contain information about the overall constraints
of the systematic uncertainties, the comparison of the two is a good measure by

which one can understand the effects of systematic uncertainties on the fit results.

6.4 DISCUSSION

It goes without saying that the large combined significance discussed above should
be subject to some criticism. From a statistics standpoint, a common issue raised
in such circumstances is that of a look elsewhere effect. Traditionally, a look else-
where effect will suppress the significance of a fit result that was performed on
an unexpected (or un-predicted) deviation from the null hypothesis. This has the
advantage of reducing cognitive bias in terms of model building, such that it is a
safeguard against tuning a model’s parameters in order to describe a fluctuation.
In terms of the fits performed here, it is strongly believed that a look elsewhere
effect is not appropriate. The measurements against which the model was fit were
decided based on the signatures of the model as described in previous studies,
both in Chapter 4 and in Reference [4]. In addition to this, the mass points were

decided to be fixed a priori, and therefore the model was not tuned to explain the
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Figure 31: The profile likelihood ratio overlaid with the NLL for each of the fit results
performed. These figures provide a good reference for how the systematic un-
certainties affect the significance of the obtained fit results.
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data in terms of its parameters. In truth, a mass scan would be interesting to study,
but this is left for a future work.

Since the initial time of documenting the work in this chapter, an additional
anomaly has been identified in the ATLAS Run 2 data which can be explained sim-
ilarly to those mentioned in Section 6.3. This anomaly is seen in results reported by
the ATLAS collaboration in di-lepton final states with a full hadronic jet veto [185],
where the dominant SM process is the non-resonant production of W boson pairs.
Figure 32 displays the di-lepton invariant mass in ey events with a full hadronic
jet veto after the application of the aforementioned corrections. Here, the QCD
NNLO corrections to gg — WTW™ production [186, 187, 188, 189], QCD NLO cor-
rections to non-resonant gg — WHTW~ [190] and EW NLO corrections [191] have
been applied. A study of this distribution where the SM MC has been normalised
to the data in the tail is shown in Reference [8]. The discrepancy re-emerges here
with myy < 100 GeV, as has already been predicted and studied in this chapter and
Chapter 5, showing similar features compared to the discrepancies in di-lepton
final states with b-jets. The deviation seen in Figure 32 is not included in the result
shown in Figure 30, and neither were those already identified with Run 1 data, as
discussed in Chapter 4.

One might ask why such a prominent excess should show up in SM measure-
ments instead of those that aim to discover new physics, particularly in multi-
lepton final states (with or without b-jets). The best example is in searches for
SUSY, where multiple leptons are often produced in cascade decays of charginos
and neutralinos. The reason that the model discussed in this thesis is not sensitive
to such searches is that a key signature in SUSY searches is the requirement of
large values of E™, Hr, or the invariant mass of various multi-lepton systems.
Due to the fact that the model discussed here produces its final state via off-shell
cascaded decays, the produced leptons and b-jets tend to be far softer than those
produced in SUSY processes, and therefore the predicted phase space tends to be
quite different than what the typical SUSY searches require.

There are several issues that deserve some attention with regards to the BSM

model considered here. With the single degree of freedom ,Bé, the BSM model is
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Figure 32: The di-lepton invariant mass spectrum in events with a full hadronic jet veto
after the application of NNLO QCD and NLO EW corrections, as published in
Reference [185] and analysed in Reference [8].

able to shed light on the magnitude of the excesses in the data. However, it is clear
from Table 11 that in the fits there exists a tension between different final states.
In particular, the fit results for the WZ measurements seem to exclusively require
more BSM signal events than any other measurement. Interestingly enough, the
ATLAS and CMS WZ results are consistent with one another. However, it cannot
be said that the results are consistent with the rest of the ensemble, where for the
WZ results ﬁé is over a factor of 3 larger than for most of the other results. Apart
from the WZ results, the rest of the ensemble exhibits a non-negligible spread
around the combined best-fit mean value. Most notably, ,82, for the ATLAS Run
2 OS (spin correlation) measurement is almost a factor of 2 larger than the best-
fit value. If one is to believe that the excesses in data truly are the result of new
physics processes at the LHC, then what can be said is that the BSM model used
here does not predict the correct relative mixture of events in terms of lepton and b-
jet multiplicity. The simplified assumption of only one degree of freedom appears
to be incapable of constructing a coherent prediction that is able to concurrently

explain all of the excesses discussed. As mentioned above, one interesting avenue
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to explore is multiple mass points of the BSM mode. Due to the sensitivity of the
mass dependent BRs for the Higgs-like scalar S, a wide range of b-jet and lepton
multiplicities could be explored.

Having said this, it is also possible that the simplified model as part of a 2HDM+S,
as detailed in Chapter 5, predicts additional production mechanisms that can make
for significant contributions to the results considered in this chapter. This has the
potential to alleviate the tension in the ,B§ values described above. In particular, the
A — ZH process mode would certainly have a high acceptance in the WZ mea-
surements considered in Section 6.3.7. The degree of contamination in the other
measurements is yet to be determined. Studies have already been made on this
process in Reference [139], and further developments can be anticipated in time.

It is clear that, if new physics is indeed responsible for the excesses discussed
here, the simplified BSM model presented in this work is not an ideal candidate
to explain them consistently. This statement is made stronger by the inability for
the simplified model to describe the localised excess seen in the ATLAS Run 2
m distribution (Figure 25). In addition to a mass scan for S and H, it would be
worthwhile looking into different assumptions for the decays of S. After all, allow-
ing the S to have Higgs-like BRs was a convenient assumption to begin with, only
because it assists in reducing the number of degrees of freedom in the model. An
interesting alternative could be to study the heavy neutrino model introduced in
Reference [4], since many of the kinematic distributions are similar to the model
used here, and the extra degrees of freedom may make for a better fit (albeit prob-
ably not as statistically significant). Having said this, the BSM model used here
does a remarkable job given that it requires only one degree of freedom.

Another interesting prospect would be to consider a VBF production mode for
H. It was stated in Section 6.1 that a small effective H-W-W coupling, which has
the advantage of enhancing the single top associated production mode, would
suppress VBE. Throughout the study, however, it was determined that the single
top associated production mode of H does not have a significant impact on the
fit results for all of the considered measurements. The only non-negligible contri-

butions of the tH production mechanism for the measurements considered here
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are those that search for SS leptons in association with b-jets. Removing the tH
contribution to the signal could have as much as a 20% effect on the best-fit values
for ,3?; in these measurements. However, they are not very sensitive measurements,
and tH has a negligible impact on the most sensitive measurements studied in this
study. Therefore, the assumption on the H-W-W coupling could indeed be relaxed,
which would open up new possibilities of measurements that could be probed.
Still more interesting would be to explore different models of the H and S bosons
themselves, in terms of different possible spins and decay modes. This is left for
future studies.

Should the 8.04¢ significance of the combined fit stand the test of time and scien-
tific criticism, it will present a challenge to our current understanding of physics at
the LHC. Theoretically, it appears that the current set of tools used to describe SM
processes is failing to do so, even in measurements of quantities as simple as the
momenta of leptons. Whether or not this failure is due to BSM physics at the LHC
remains to be seen. Any contamination of BSM physics relating to the Higgs sec-
tor would have profound impacts on the measurements of its mass and couplings.
In any event, it is necessary to try and understand the data with as little bias as

possible as we strive to solidify our understanding of the SM and beyond.
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THE SEARCH FOR A HIGH MASS SCALAR DECAYING TO A Z
BOSON PAIR IN THE FOUR LEPTON FINAL STATE

This chapter presents the search results for a heavy resonance using the ATLAS
detector. The particular signature in which the search is made is for the hypothet-
ical heavy resonance decaying to a Z boson pair with a 4/ final state. The search
makes use of pp data collected by the ATLAS detector at /s = 13 TeV from 2015
until 2017. The total integrated luminosity used in this search is 79.8 fb~!.

The goal in this search is to look for an excess in the my, spectrum. If such an
excess exists, its significance can be quantified in order to determine whether or
not such a heavy resonance is produced at the LHC. The signal hypothesis used
is that of a narrow-width Higgs-like boson, H, produced through g¢F — much
like the hypothetical heavy scalar discussed earlier in this thesis. The mass range
considered for H is between 200 and 1400 GeV.

The specific search considered in this chapter is motivated by the 2016 result
for the same search [96], which revealed two mild excesses in the my, spectrum.
Each excess had a local significance of 3.6 ¢. The peaks were located at around
240 GeV and 700 GeV. The peak at 700 GeV was not present in the 2/2v channel,
and was therefore considered to be excluded at 95% CL. The 2¢2v result, however,
had no effect on the 240 GeV peak due to the fact that the search is not sensitive
below masses of 300 GeV. The primary goal in this chapter is to check whether the
excesses diminish or re-appear when one includes the 2017 data. Note that this
will only be done in the context of ggF-like signatures (that is, in the 4e, 4y and

2e2u channels), in which the excesses primarily existed in 2016.
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7.1 DATA AND SIMULATED SAMPLES

The data considered for the search in this chapter includes pp collision data col-
lected in the ATLAS detector from 2015 to 2017. Each year contained different
pile-up conditions. The (i) changed from 13.6 in 2015 to 24.9 in 2016, and then
to 37.8 in 2017. In terms of integrated luminosity, the total raw data collected over
the years was 86.76 fb~!, corresponding to 3.86 fb~! in 2015, 36.0 fb~! in 2016 and
46.9 fb~1 in 2017. However, the data are subjected to quality control requirements
which ensure that all components of the detector were fully operational at the time
of recording. After applying a “good-runs list” that ensures the quality of the data,
the resulting data used in the search amount to 36.2 fb~! for 2015 and 2016, and
43.6 fb~1 in 2017. The entire data set is processed and reconstructed in terms of
physics objects by proprietary ATLAS analysis software, version 21.2. This is in
contrast to the 2016 result [96], which made use of version 20.7, and therefore a
number of improvements can be expected compared to the older results.

Two different methods are used for reconstructing MC simulations in this search,
namely mcl6a and mc16d. The former method was applied to the 2015 and 2016
data sets, whereas the latter was applied to the 2017 data set. The main difference
between the two methods is the way in which they deal with simulating pile-up.
In both cases, reconstruction was performed using the ATLAS analysis software,
version 21.2. The proprietary ATLAS detector simulation was also used to simulate
the response of the ATLAS detector. Depending on the sample in question, either
a full simulation (FS) or fast simulation (also know as AF2) was used [192]. A list

of all the MC samples used in this study can be seen in Table 12.

7.2 RECONSTRUCTION OF PHYSICS OBJECTS

Since the search in this chapter is concerned only with the detection of four leptons
through a direct production mechanism, the most important objects necessary to

be reconstructed are electrons and muons. This section briefly discusses how these
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Process ‘ Modelling ‘ Generator(s) PDF Simulation
Backgrounds
qq — 2Z SM Sherpa NNPDF3ONNLO FS
88 — ZZ SM (without Higgs) Sherpa NNPDF3ONNLO AF2
pp — VVV SM Sherpa NNPDF3ONNLO FS
pp — ttV SM aMC@NLO + Pythia 8 | NNPDF23LO FS
q9 — Z+jets SM Sherpa NNPDF3ONNLO FS
pp — tt SM POWHEG + Pythia 8 NNPDF23L0 FS
Signals
mpy=200 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
mp=300 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 FS+AF2
my=400 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
mpy=500 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
mpy=600 GeV, NWA aMC@NLO + Pythia 8 NNPDF23L0 AF2
gg — H 40 mp=700 GeV, NWA aMC@NLO + Pythia 8 NNPDF23L0 FS+AF2
mpy=800 GeV, NWA aMC@NLO + Pythia 8 NNPDF23L0 AF2
mp=900 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
myg=1000 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
mpyg=1200 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
mp=1400 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2
mp=1600 GeV, NWA | aMC@NLO + Pythia 8 NNPDF23L0 AF2

Table 12: A list of

the MC samples needed for the search for a high mass four-lepton
resonance produced through ggF. Both the signals and backgrounds are shown
here. NWA refers to signals generated with the narrow-width approximation.

135



136

SEARCH FOR A HIGH MASS SCALAR DECAYING TO 4/

leptons are reconstructed in the ATLAS detector, which was described in Chapter 3.
In addition to this, some key improvements that were introduced to version 21.2
of the ATLAS analysis software are discussed. Note that in the absence of a search
for VBF-like signatures, jets are not considered for reconstruction in the analysis
presented here.

Electrons are reconstructed from clusters of calorimeter cells using a dynamic
topological clustering technique. This technique improves the energy resolu-
tion of the detected electron, especially for electrons that radiate a photon via
brehmsstrahlung processes [193]. The electrons are constructed as “super-clusters”
that are associated with tracks from the ID. The complete matching of the clusters
and tracks is done with a Gaussian-sum filter, which accounts for potential radia-
tion. In addition to this, extra information coming from both the EM shower shape
and track hit multiplicity is used to reject backgrounds (i.e. fake electrons). With
these additional degrees of freedom, a series of working points are defined for
the reconstruction of electrons. In this analysis the “loose” working point is used,
which has a reconstruction efficiency of 9o% at an electron pt of 20 GeV, and 96%
for electrons with a pr greater than 60 GeV.

Different types of muons are reconstructed using information from the ID and
the MS [194]. If a matching track is found in both the ID and the MS, this is
classified as a combined muon. For the central region of the detector where the MS
has limited coverage (that is, for 77| < 0.1) only the ID is used for the determination
of the muon momentum; these are called segment-tagged muons. In this region,
muons that can be correlated with calorimetric energy consistent with a minimum
ionising particle are known as calorimeter-tagged muons. In forward regions where
the ID is limited (that is, 2.5 < || < 2.7) the momentum determination is made
only using MS information. These are known as stand-alone muons. The analysis
in this chapter considers all of these different types of muons. Improvements in
version 21.2 of the reconstruction software helps in reducing reconstructing muons
falsely from fake tracks, due to improving the requirements on the number of

hits in the different trackers. Similarly for electrons, different working points are



7.3 EVENT SELECTION

defined for muons. The analysis presented here uses the “loose” working point,

which has a reconstruction efficiency of over 98%.

7.3 EVENT SELECTION

In this analysis, events are classified into three different channels based on the
flavours of the selected leptons. These channels are 4y, 4e and 2u2e, and are as-
signed based on which triggers are activated in the event. The trigger thresholds
varied between 2015 and 2017, but overall their efficiency is about 98%. For each
event, there should also be at least one vertex with two associated tracks having
pr > 500 MeV. Previously, in version 20.7 of the ATLAS analysis software, this
number was 400 MeV. Of the reconstructed vertices, the primary vertex is identified
as the one with the highest sum of track p3.

Leptons are then sorted into quadruplets based on all the available SFOS lep-
ton pairs in the event. Leptons can only be assigned to a quadruplet if they have
sufficient pr and fall within the geometric acceptance range. For electrons, the
pr should be greater than 7 GeV and they should lie within |r| < 2.47. Muons
should have a pr greater than 5 GeV and be within || < 2.7. In each quadruplet,
the three highest pr leptons should have at least 20 GeV, 15 GeV and 10 GeV of
pt, respectively. Each quadruplet can have at maximum only one segment-tagged,
calorimeter-tagged or stand-alone muon. If more than one quadruplet exists per
channel, only one is selected by virtue that the SFOS pairs in the quadruplet are
the two that have the closest mass to the Z boson mass. The masses of these SFOS
systems are labelled as 11, and m34 for the closest and second closest pairs, respec-
tively. The selected quadruplet is required to satisfy 50 GeV < mj, < 106 GeV and
mag < 115 GeV. The lower bound on mi34 is 12 GeV for myy < 140 GeV and 50 GeV
for myy > 190 GeV. For any value of my in between 140 and 150 GeV, the bound
grows according to a linear slope.

Several additional cuts are placed on the leptons to suppress fake or non-prompt
backgrounds. Firstly, the leptons are all required to be separated from each other by

atleast AR = 0.1 if they are same-flavour, and AR = 0.2 if they are different-flavour.
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For the 4e and 4y channels, quadruplets are removed if any two SFOS leptons have
a mass of less than 5 GeV. This suppresses the production of leptons through the
decay of the [/ meson. If after all these requirements, multiple quadruplets still
exist, then the selected quadruplet is the one with the highest expected signal rate,
i.e. in the following order: 4y, 22e and 4e.

Backgrounds which involve non-resonant and/or the associated production of
four leptons, such as the Z+ jets and tf processes, are suppressed using impact pa-
rameter and isolation requirements. The transverse impact parameter significance
is defined as |do|/0,,, where the denominator is the standard deviation for mea-
surements of the transverse impact parameter dy. This significance is required to
be less than 3 for muons and 5 for electrons. Additionally, all leptons are required
to be associated with the same originating vertex. These requirements help ensure
that the leptons originate from a single object in the hard interaction.

Leptons are required to be isolated using both track-based and calorimeter-based
discriminants. The track-based discriminant takes into account the scalar py sum
of all tracks in a cone of width AR = 0.3 for muons and 0.2 for electrons (excluding
the lepton itself). The ratio of this sum to the lepton pr should be less than 0.15.
The tracks that enter the sum are also required to originate from the primary vertex
in order to mitigate pile-up contributions. If the leptons are considered to be high
in pr (that is, at least 33 GeV for muons and 50 GeV for electrons), the cone size
is reduced to 10 GeV divided by the pt of the lepton in question. The calorimeter-
based discriminant similarly adds up the cluster Er values used to reconstruct jets
within a cone of width AR = 0.2 around the barycentre of the candidate lepton.
This Etr sum divided by the pt of the lepton is required to be less than 0.3 for
muons and 0.2 for electrons. Any known contributions to the Et sum that come
from the candidate lepton are excluded, and pile-up contributions are subtracted
on an event-by-event basis.

Once the four lepton quadruplets are selected, the leptons” four momenta can
be corrected for final state radiation (FSR) using information from the calorimeters.
FSR photons are searched for both colinearly and non-colinearly (the former only

applying to muons) with a maximum of one FSR photon per event. In the event
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that such a photon is found, the lepton’s four momentum is re-computed by mak-
ing a fit to the Z mass peak line-shape, which is modelled as a Breit-Wigner peak
with a Gaussian curve assigned to each lepton to account for detector resolution
effects.

The event selection described above is designed to maximise the acceptance for
ggF-like signals while suppressing the four lepton backgrounds. For the ggF MC
samples introduced in Section 7.1, the acceptance grows with the mass of the hy-

pothetical scalar. The acceptances in each channel are as follows:
e 4y channel: from 52% at mpy = 200 GeV to 62% at my = 1600 GeV,
o 2u2e channel: from 41% at mpy = 200 GeV to 58% at mpy = 1600 GeV,

e 4¢ channel: from 34% at my = 200 GeV to 55% at my = 1600 GeV.

7-4 BACKGROUND ESTIMATION

For the ggF-enriched categories considered in this chapter, the dominant back-
grounds come from the non-resonant production of Z boson pairs. The dominant
background, comprising of 86% of the total background composition, is the quark
initiated q7 — ZZ process. The next most prominent background is the gluon ini-
tiated equivalent gg — ZZ process, which makes up 10% of the total background
composition. The sub-dominant backgrounds each contribute to the total compo-
sition on the level of approximately 1% each, these being Z-jets, tf and the EW
production of two Z bosons. The dominant non-resonant backgrounds are mod-
elled using MC simulations, whereas the others are estimated using a combination
of data-driven techniques and MC simulations.

The properties of the background processes are significantly sensitive to the
flavour of the sub-leading SFOS lepton pair in the quadruplet. Therefore, the anal-
ysis on the backgrounds is performed separately for ¢/ and ¢fee channels. The
main reason for this is that background muons tend to come from heavy-flavour

jet decays in association with Z bosons, or the decays of top quarks. Background
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electrons, on the other hand, tend to be the result of the mis-identification of light-
flavour jets.

For the #¢puu channels, four CRs are defined in the data in order to fix the normal-
isation of the Z+jets and f backgrounds. All of these CRs relax the requirement
that the four selected leptons should originate from a common vertex. Then the dif-
ferent CRs are constructed by inverting and/or relaxing the isolation and impact
parameter requirements. Additional CRs are also made by forcing the sub-leading
pair of muons to be same-sign, or by requiring a different-flavour leading pair of
leptons (this is targeted at constraining the tf background). The normalisation fac-
tors are fixed by fitting the leading lepton pair’s invariant mass simultaneously in
the CRs. Thereafter, the normalisation of the sample in the SR is fixed by an ex-
trapolation of the normalisation in the CRs, using the acceptance determined in the
CRs. This is known as a transfer factor, and is determined using MC simulations.

Only one CR is used for the ¢/ee channels. This CR, which is referred to as
the 3¢ + X CR, requires the sub-leading electron pair to be same-sign. The low-
est Et electron also has its identification and isolation criteria relaxed, such that
it can be a mis-identified light-flavour jet or photon, or an electron coming from
a heavy-flavour decay. The heavy-flavour component of this CR comes from MC
simulations, whereas the others come from using the ;Plot method [195] on infor-
mation from the ID. Similar to the £¢uu channels, transfer factors are determined
from MC simulations.

The other sub-dominant backgrounds, including tri-boson and ¢tV processes, are
estimated from MC simulations, along with the WZ process in the ¢/yp channels.
However, in the ¢{ee channels, the WZ process is included as a component in the

data-driven calculations.

7.5 SIGNAL AND BACKGROUND PARAMETERISTAION

The search results are obtained by performing fits to the data using signal and
background models. These fits are performed as a function of the four-lepton in-

variant mass. The MC simulated samples and their accompanying estimates from
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the data (described above) are used to construct analytic functions for the fitting
process. These functions and their parameterisations are discussed below for the

signal and background hypotheses.

7.5.1  Signal model

In this chapter only a narrow-width scalar is assumed for the search, and therefore
the width in the signal my, distribution is completely due to detector resolution
effects. These effects are typically modelled using the sum of a Crystal Ball (CB)
function [196] and a Gaussian. The corresponding probability density function can

be written down as:

Ps(mye) = fc x C(mag; u, 0c, ac, nc) + (1 — fc) x G (may; y, 0c), (7.1)

where C denotes the function and variables relevant to the CB, and G denotes
those relevant to the Gaussian. Both functions share the same mean value y, but
differ in their widths (cc and o). The additional parameters in the CB function
(ac and n¢) control the shape of the exponential tail. The relative normalisation of
the two functions is controlled by the parameter fc.

All the parameters in Equation (7.1) (with the exception of nc) are fit to the
MC simulations for a narrow-width heavy scalar at the various mass points listed
in Table 12. The parameter nc is chosen to be constant for all the mass points,
to improve the stability of the fit. As a function of the resonance mass, the best-
fit parameter points are then fit with polynomials, such that the signal model
can be determined for an arbitrary value of mpy in between those that have been
simulated. Using the analytic function induces a bias when extracting signal yields
from the data; this bias was determined to be less than 1.5%. In addition, the use
of polynomial fits for the interpolation introduces a bias of about 1%.

Examples of the fits made for the signal parameterisation are shown in Figure 33.
The mass point chosen for illustration is mpy = 300 GeV. The different components

have been split up and displayed, as well as the total fit function. In all mass
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Figure 33: A demonstration of the performance of the analytic fit function for the signal
in Equation (7.1). The overall fit is shown compared with the MC simulation,
and the different components of the fit. An uncertainty band on the overall
fit is shown, with the green band representing a 1o deviation and the yellow
representing 2c. All three different channels are shown, with 4e on the top, 4y
in the middle and 2p2e on the bottom.



7.5 SIGNAL AND BACKGROUND PARAMETERISTAION

i)
S 10
> —+— MC Simulation
© — Fit Result
i 1 2u2e channel
<
107"
1072
107°
L | L L L | L L L | L L L | L L L | L L | L L | L
200 400 600 800 1000 1200 1400
ma [GeV]
[2]
=
>
Py —— MC Simulation
£ 10 — Fit Result
g 2u2e channel
1072
107
107 0 e
200 400 600 800 1000 1200 1400
ma [GeV]

Figure 34: An illustration of the analytic functions used to fit the continuum backgrounds
in the high-mass H — ZZ search. Here the q9 — ZZ (top) and gg — ZZ
(bottom) processes are shown in the 2u2e channel, as an example. The green
band represents the uncertainty in the fit parameters.

points, the tail of the distribution for the 4y channel is accurately described by
the CB, whereas for the channels that include electrons, the Gaussian assists in
describing the tails. For all mass points, it was found that the analytic function in
Equation (7.1) describes the MC simulation well, and the interpolation polynomial
fits, which give values for the fit parameters as a function of the signal mass, vary

smoothly between the mass points.
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7.5.2  Background model

The dominant continuum ZZ background predictions (i.e. g9 — ZZ and gg —
Z27) are estimated with MC simulations, on which an analytic function is fit. The

analytic function used is a piece-wise function of mys, and can be written as:

[f1(mae) + fa(ma)] X C§ may < mfy

fP(mye) = (7.2)

JAm My > m},

where p € {gqq,gg} denotes whether the function applies to the quark or gluon ini-
tiated background shape, respectively. The points at which the functions change is
controlled by m};, which are chosen by ensuring that the two functions are smooth
at the transition. The values are approximately m)’ = 240 GeV and m3® = 265 GeV.
The normalisation parameters, Cg , ensure that the functions are also continuous at
m}, and are defined as:
£3 (m)

p _
= R 1 foll)

(7.3)

The different parts of Equation (7.2) each explain different underlying physical
processes in the SM production of Z boson pairs. The equations describing their

shapes can be written in terms of their parameters as follows:

fi(myg; a1, az) = Exp (a1 +az - my), (7-4)
b
14 Brf (200 ) ,
2 —b1)’
1+ Exp <m423 1)

fa(map; by, by, b3) = (7.5)

gq(mu; c1, .- .,C5) = EXp (C] +Cp-myp+c3- mie +cy- miz +c5 - mb) , (7.6)

S8 (mag; c1,..., ca) = Exp (c1+co - mag +c3-mi, +ca-m3]) . (7.7)
The functions covering the low mass part of the spectrum are designed to explain
the my, shape below the kinematic threshold at a mass of 2myz. The first part, fi,

provides an exponentially decaying shape relevant when one of the Z bosons is
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off-shell. The second part, f,, becomes relevant at the kinematic threshold and
describes the sharp increase in the spectrum. The relatively generic exponential f}
functions describe the tail of the distributions. The parameters a;, b; and c; are used
to fit the functions to the MC simulations for the processes. An example of this can

be seen in Figure 34, where the 2p2¢ channel has been chosen for illustration.

76 SYSTEMATIC UNCERTAINTIES

7.6.1  Experimental systematic uncertainties

The signal and background predictions used in this work are affected by a variety
of sources of experimental systematic uncertainty. These systematic uncertainties
are treated as NPs and are profiled in the statistical machinery used for the final re-
sults. The dominant experimental systematic uncertainties arise from the energy/-
momentum scales and reconstruction and identification efficiencies of the leptons
and jets. Several sub-dominant systematic uncertainties are considered and will be
discussed below.

The calculation of the experimental systematic uncertainties is done as follows.
First, the my, distribution is considered using the standard weights and a nomi-
nal configuration of the NPs — the nominal distribution. Then, for each NP, the my,
distribution is made using a (1¢) variation of the NP in question — the modified
distribution. The variation is considered for the “up” and “down” configuration of
the NP (+1c). For NPs that only affect the normalisation of the distribution, the
relative change of the total event yield from the modified distribution is compared
to that of the nominal distribution. For NPs that also affect the shape of the myy
distribution, the relative change to the mean and RMS of the modified distribution,
with respect to the nominal distribution, is also calculated. These shape variations
are used to construct an analytical variation to the distributions in the fitting pro-
cedure. The logical flow of the procedure in calculating the effects of systematic

uncertainties is shown in Figure 35.
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Figure 35: A simple flowchart of the logic followed when calculating the effect of system-
atic variations of NPs on the my, distribution. For technical reasons, the cal-
culation is performed separately for NPs that only affect the normalisation of

the myy spectrum (“norm-like NPs”) and those that can also affect the shape
(“shape-like NPs”).
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The systematic uncertainties are calculated for each of the three categories con-
sidered in this chapter: 4e, 4y and 2e2yu. In the calculation, the leptons in the
quadruplet are treated as completely correlated, so as to obtain conservative sys-
tematic uncertainties. That is, if the nominal and modified weights of the i-th lep-
ton are w; and w; + dw;, respectively, then the nominal and modified weights of
the lepton quadruplet are wy - wy - w3 - wg and (wy + dwy ) - (wy + dwy) - (w3 + dws) -
(w4 + 6wy ), respectively. The systematic uncertainties are calculated using the rec-
ommendations from the ATLAS Combined Performance groups. The standard set
of systematics is made of 96 NPs, each with an “up” and “down” variation, with
the exception of the jet energy resolution NP, which is assumed to have a per-
fectly symmetric systematic uncertainty. A list of all the NPs used in the analysis
is shown in Table 13.

The different effects that the systematic uncertainties address are:

e Electron reconstruction and identification: for reconstruction, a single NP is
used, EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR. The identification efficiency
uncertainty is estimated using EL_EFF_ID_CorrUncertaintyNP[0-15] and

EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP[0-17].

e Electron energy scale and resolution: effects on the electron en-
ergy scale arising from correlated effects are evaluated with EG_-
SCALE_ALLCORR, whereas those arising from detector components are
evaluated with EG_SCALE_E4SCINTILLATOR, EG_SCALE_LARTEMPERATURE_EX-
TRA2015PRE, EG_SCALE_LARTEMPERATURE_EXTRA2016PRE and EG_SCALE_LAR-

CALIB_EXTRA2015PRE.

e Muon reconstruction and identification: for muons, the reconstruction and
identification systematics are different for high and low pr muons, that is,
muons with greater or smaller pr than 15 GeV. The reconstruction systematic
is calculated with MUON_EFF_RECO_STAT, MUON_EFF_RECO_STAT_LOWPT, MUON_ -

EFF_RECO_SYS and MUON_EFF_RECO_SYS_LOWPT.

e Muon momentum scale and resolution: the momentum scale and resolution

are determined from tracking properties that are different in the different
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Normalisation NPs

Shape NPs

Electrons

EL_EFF_ID_CorrUncertaintyNP[0-15]

EL_EFF_ID SIMPLIFIED_UncorrUncertaintyNP[0-17]

EL_EFF_Iso_TOTAL_1INPCOR_PLUS_UNCOR
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR

EG_RESOLUTION_ALL

EG_SCALE_ALLCORR
EG_SCALE_E4SCINTILLATOR
EG_SCALE_LARCALIB_EXTRA2015PRE
EG_SCALE_LARTEMPERATURE_EXTRA2015PRE
EG_SCALE_LARTEMPERATURE_EXTRA2016PRE

Muons
MUON_EFF_ISO_STAT MUON_ID
MUON_EFF_ISO_SYS MUON_MS
MUON_EFF_RECO_STAT MUON_SAGITTA_RESBIAS
MUON_EFF_RECO_STAT_LOWPT MUON_SAGITTA_RHO
MUON_EFF_RECO_SYS MUON_SCALE
MUON_EFF_RECO_SYS_LOWPT
MUON_EFF_TTVA_STAT
MUON_EFF_TTVA_SYS

Jets

JET_BJES_Response

JET_EffectiveNP_[1-7]
JET_EffectiveNP_8restTerm
JET_EtaIntercalibration_Modelling
JET_EtaIntercalibration_NonClosure_highE
JET_EtaIntercalibration_NonClosure_negEta
JET_EtaIntercalibration_NonClosure_posEta
JET_EtaIntercalibration_TotalStat
JET_Flavor_Composition
JET_Flavor_Response

JET_JER_SINGLE_NP

JET_JvtEfficiency

JET_Pileup_OffsetMu

JET_Pileup_0ffsetNPV

JET_Pileup_PtTerm

JET_Pileup_RhoTopology
JET_PunchThrough_MC16
JET_SingleParticle_HighPt

Flavour tagging

FT_EFF_Eigen_B_[0-2]
FT_EFF_Eigen_C_[0-2]
FT_EFF_Eigen_Light_[0-4]
FT_EFF_extrapolation
FT_EFF_extrapolation_from_charm

Other

PRW_DATASF

|

Table 13: A list of the NPs used for systematic uncertainties in this analysis. The
NPs have been separated by whether they only affect the normalisation
(left), or if they affect the shape (right) of the my, distribution. They are
further subdivided into the reconstructed objects that they affect.
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tracking systems. Overall, the scale is evaluated with MUON_SCALE. The ID
systematic comes from MUON_ID and the MS part comes from MUON_MS. The

tracking NPs MUON_SAGITTA_RESBIAS and MUON_SAGITTA_RHO are also used.

e Muon track-to-vertex-association (TTVA): there exists an independent un-
certainty on the performance of matching a muon track to a vertex. This

uncertainty is evaluated with MUON_EFF_TTVA_STAT and MUON_EFF_TTVA_SYS.

e Isolation: electron isolation systematics are evaluated with the NP EL_EFF_-
Iso_TOTAL_1NPCOR_PLUS_UNCOR, whereas muons use the NPPs MUON_EFF_ISO_ -

STAT and MUON_EFF_IS0_SYS.

o Jet energy scale and resolution: the jet energy resolution is evaluated with
one NP, JET_JER_SINGLE_NP. All other systematic effects from jet reconstruc-
tion and scaling are evaluated with the large number of NPs listed in Ta-

ble 13.

¢ Flavour tagging: these sub-dominant effects don’t have a significant impact
on the analysis, yet they are still used in the evaluation of the systematic
uncertainties. The effects of tagging b-, c- and light jets are studied using FT_-
EFF_Eigen_B_[0-2], FT_EFF_Eigen_C_[0-2] and FT_EFF_Eigen_Light_[0-4],
respectively. Extrapolation uncertainties are propagated with FT_EFF_extrap-

olation and FT_EFF_extrapolation_from_charm.

o Pile-up: the effects of pile-up have some effect on the reconstruction of jets,
but the dominant uncertainty comes from PRW_DATASF. This comes from the
scale factor that re-scales the (u) value from its nominal re-scaling, a number
determined from data to MC comparisons. The uncertainty is often one sided,

since the overall scaling is never considered to be bigger than 1.0.

For the continuum background samples and one signal sample, the systematic
variations as a function of the NPs considered can be seen in Figure 36, Figure 37
and Figure 38, respectively. These figures show how the different NPs affect the
normalisation of the my, distribution, and these values are used as systematic un-

certainties for the final fit results.
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In addition to the systematic uncertainties introduced above, there also exist
systematic uncertainties related to the total integrated luminosity and trigger inef-
ficiencies. The uncertainty in the combined 2015-2017 integrated luminosity is 2.0%.
A systematic uncertainty of 0.5% is considered for the muon trigger efficiency dif-

ferences in the data and the simulation.

7.6.2  Theoretical systematic uncertainties

In this analysis, theoretical systematic uncertainties are considered for the domi-
nant continuum ZZ backgrounds and the signal. The sources of these uncertainties
include variations of the central renormalisation and factorisation scales, PDF sets
in association with their associated eigenvectors, and configurations of the parton
shower modelling. In all cases, the resulting systematic uncertainty is calculated
as the change in the selection acceptance while varying certain parameters related
to the source of the uncertainty. In this section, the methods of estimating these
uncertainties are discussed along with a summary of their results.

The dominant g9 — ZZ background simulated by Sherpa 2.2.2 [197] was used
with PDF and scale variations to estimate the theoretical uncertainty on the predic-
tion of the shape and normalisation of the my, spectrum. Variations on the PDFs
used considered the eigenvectors of the CT10nlo, MSTW2008nlo and NNPDF3ONNLO
PDF sets. The variation (treated as the theoretical systematic uncertainty) is of the
order of 4-5% over the my, spectrum. QCD scale uncertainties are determined by
varying pur and pup up and down by a factor of 2 from the central scale choice of
UR = U = myy, and is found to vary between 2 and 4% over the my,, spectrum.

The gg¢ — ZZ background, having its LO production being a loop process, has
significantly larger QCD uncertainties than those for g4 — ZZ mentioned above.
The uncertainties are determined in the same way as for the g9 — ZZ process,
although in this case the central scale is set to yr = ur = 2mz. The QCD scale
uncertainty was calculated to be of the order of 30%. On the other hand, the PDF
uncertainty was only around 4%, and was counted to be negligible compared to

the scale uncertainty.
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The signal samples are also passed through the same prescription for PDF and
scale uncertainties, the latter using the central scale of ur = pp = mys. Each of
these effects were determined to be less than a 1% effect. In addition to this, the
signals gain an additional theory uncertainty from variations of certain parton
shower parameters in Pythia 8. The prescription for these variations arise from
the method by which Pythia 8 was tuned by ATLAS (the A14 tune [198]). These

variations were also less than 1%.

7.7 RESULTS

Comparisons between the data and the background MC samples, normalised to
their appropriate cross sections and luminosity values, were thereafter analysed
as a function of my,. The figures cannot be shown due to issues of data propriety,
however they will be made public by the ATLAS collaboration in due course. All of
the predictions and data analysed were selected using the physics objects described
in Section 7.2 and the selection procedure in Section 7.3.

The overall agreement between the MC and the data was fair and within sys-
tematic and statistical uncertainties, apart from the two excesses mentioned at the
beginning of this chapter. On an inspection of the 2015-2016 data, the mild excesses
at 240 GeV and oo GeV were visible without having to perform any further anal-
ysis. In order to quantify these effects, a statistical study was needed, and this is
performed in the next section. Unfortunately, due to data propriety issues, the 2017

results cannot be discussed in this thesis.
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78 STATISTICAL INTERPRETATION

The statistical treatment of the results makes use of a test statistic, which is used
for hypothesis testing and limit setting. The test statistic used is a profile likelihood

ratio, defined in a similar way to Equation (6.2):

L (VggFf é)

A (7.8)
L (figgr, 0) /

A (Hggr) =

Given a value of my, the parameter of interest here is pgr, the signal strength.
A value of pg.r = 0 corresponds to no signal, whereas a value of pgr = 1 cor-
responds to a ggF signal with a Higgs-like production cross section that depends
on the mass of H, taken from Reference [33]. However, since the BR to ZZ is not
known, what is ultimately constrained by the statistical procedure is the cross sec-
tion times BR: 0gop X BR(H — ZZ). The NPs, 6, represent the estimates of the
systematic uncertainties, and are each modelled as a Gaussian variation from their
nominal values. Each likelihood function L is a product of Poisson probabilities
and systematic constraint functions. The overall maximum likelihood is given by
the denominator of Equation (7.8), L (flgF, 9), and therefore the profile likelihood
ratio will have a value between o and 1. The values of the NPs that maximise the
likelihood function for an input value of pgr = 0 is .

For each category, likelihood fits were performed with different hypotheses, both
involving the signal and background predictions. These are made using the param-
eterised functions described in Section 7.5. For the signal hypothesis, a scan was
made on the values of myy, ranging between 200 GeV and 1400 GeV. The first test
calculated a pg value, which is the probability that a deviation in the spectrum was
produced by a fluctuation of the background hypothesis (i. e. the SM). The results
of this cannot be shown, but will appear in future ATLAS publications of the data.

From the pg study, the two excesses at 240 GeV and 700 GeV could be seen with
their relative significance values using the 2015-2016 data. The 700 GeV excess
appeared in a region where the background is small, and so it is possible that the

value of the significance could be artificially enhanced to a large extent by any
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form of mis-modelling in this region. The excess at 240 GeV, however, had a more
coherent structure. In the case that this may be due to a real signal, it is likely
that the signal has a large width, and therefore the significance is limited by the
fact that this analysis only considers narrow-width signals. Large-width signals
are slightly more complicated to implement, due to their interference with the
88 — ZZ background; this will be explored in a future work. Large width studies
without the interference have been considered in Reference [123].

Although the two mild excesses could be seen in the pg study, they were not
large enough to be considered significant excesses. Because of this, limits were
set on the cross section times BR for the production of H through ggF. These
limits were set at the 95% CL and calculated as a function of mp using the profile
likelihood ratio in Equation (7.8) as a test statistic. Again, the result cannot be
shown but will appear in a future ATLAS publication. Since the combined data set
is roughly double the size of the two smaller data sets, the expected limit improved
by roughly a factor of 1/ V2. As anticipated, the excesses at 245 GeV and 700 GeV
were visible as deviations of the observed limit in excess of the expected limit. In
both cases, the observed limits exceeded the 2¢ uncertainty band, corresponding
with the results from the pg study.

Interpreting the data as being produced by a heavy scalar decaying to a pair
of Z bosons is directly comparable to the BSM physics model discussed in Chap-
ters 4 to 6. Therefore, it is worthwhile considering the possibility that the excess
at 245 GeV is related to the excess at 270 GeV found in earlier parts of this the-
sis, even though there exists a slight difference between the two best-fit masses. A
likely possibility is that the heavy scalar has a large width, and therefore big fluc-
tuations in the mass value are possible with this limited data set. An additional
possibility is that there exist two separate structures, which may or may not be due
to the same initiating resonance. This hypothesis is corroborated by the results of
the study in Reference [123], which considers a combination of the Run 2 ATLAS
and CMS H — 4/ results [96, 125] and the ATLAS H — 2y result [199]. The pg plot
for these different components using a narrow-width scalar is shown in Figure 39.

In the plot, there appear to be two different structures for the ensemble of results
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Figure 39: The local pg values for the Run 2 searches for H — 4¢ by ATLAS and CMS, and
the ATLAS search for H — 2y, as performed in the study in Reference [123].
On the x-axis is the invariant mass of the final state system; here it can be

interpreted as mp.

considered: one at a mass of around 240 GeV and the other at a higher mass of
around 265 GeV. Knowing this, a different question arises if one considers that both
peaks are due to new physics: is the double-peak structure due to the decay of one
large-width object, or two different objects with smaller widths? This question can

be addressed in future studies and with more sophisticated tools, such as machine
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learning techniques geared towards a BSM interpretation of the data.
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CONCLUSIONS

The underlying purpose of this thesis has been to understand whether undetected
new physics might exist in the limited LHC data set considered thus far. In par-
ticular, a study has been made on searching for a hypothetical heavy scalar boson
with a mass around the EW scale. This study has been done using a the pragmatic
methodology described in Section 1.1, where each step of the model’s development

can be interpreted holistically.

8.1 RESEARCH SUMMARY

The starting point of the discussion considered a statistically limited set of ATLAS
and CMS Higgs-related results that seemed to mildly deviate from the SM expec-
tation. The most accessible such result was that of the Higgs boson pr spectrum,
which at first seemed to indicate an enhancement in the region between 20 GeV
and 100 GeV. From this point a simplified model was designed to try and explain
this enhancement through the decay of a heavy scalar H to an as-yet unspecified
associated Higgs production mode (H — h + X). The model assumptions were
simple: the H was produced dominantly via ggF and the overall rate of the pro-
duction of H was controlled by a single parameter ﬁé, which was used to make a
fit to the data. In assuming a ggF production mode for H, the production of H in
association with top quarks is also necessary, and so this mode was also included
in the study. While fitting this model to the Higgs prt spectrum, it was also de-
cided to include limits on heavy resonances and searches for top associated Higgs
production, which further constrained the fit.

The result from this early study was that the limited data set appeared to be

compatible with the hypothesis of a heavy scalar with a mass of around 270 GeV.
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The compatibility was further quantified as a 3¢ effect [3, 6]. The model that was
chosen was to study the three-body decay process H — hxy, with x being a DM
particle with a mass of around my, /2. As newer data sets were published by the
experimental collaborations, the discrepancies in the Higgs pr spectrum, di-boson
resonance searches, and top associated Higgs production remained compatible
with this early result. These anomalies remain to this day.

This was an interesting result that warranted further investigation. The first is-
sue to address was the apparent “unnaturalness” of the large BR of the three-body
decay process, where one would expect a two-body decay to dominate. This prob-
lem was addressed by introducing a new scalar S, which acts as a DM mediator
through the S — xx decay mode [7]. The three-body decay process H — hxx was
therefore replaced by the H — Sh, S — x) cascaded decay process. In doing this,
a new question arose: what else could S potentially couple to? This was answered
with a simple assumption, that S would have globally re-scaled Higgs-like cou-
plings to the SM particles. This had the dual effect of both reducing the number
of free parameters in the theory, as well as expanding the search prospects for S
through a host of new decay modes. The mass of S was considered to be slightly
higher than the mass of the Higgs boson. With my = 270 GeV, the distortion of
the Higgs pr spectrum discussed above was maintained with an S mass of around
150 GeV. This choice of masses was also supported by a separate set of Run 1
results relating to the multiple lepton sector [4].

With mg = 150 GeV, one of the key search prospects was the signature of the pro-
duction of multiple leptons in association with b-jets in the H — Sh decay. The S
boson decays mostly to W boson pairs at this mass, which have a relatively high BR
to leptons, whereas the Higgs boson decays mostly to b-quarks. With the specific
set of parameters described above, the model could produce a relatively signifi-
cant signal in a number of LHC related searches. An ensemble of these results
was compiled and tested for compatibility with the simplified BSM model [4, 5, 8].
The ensemble consisted of a variety of ATLAS and CMS results from Run 1 and
2 of the LHC. As a result of testing the background-only and signal plus back-

ground hypotheses with the ensemble of results, it was found that the simplified
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model improves on the background-only hypothesis at the level of 8c. However
exceptional this result might sound, it is made even more remarkable when one
considers that it is obtained using a simplified model with only one fit parameter.
The fit parameter (,3;) found a best-fit value of 2.92 + 0.35. It has become clear that
the SM on its own cannot explain the anomalies present in the LHC data which
led to this result. Therefore, it has been demonstrated that the result can be seen as
the first indirect evidence of new physics beyond the SM in laboratory conditions.

This result can be compared with direct searches for heavy scalars. In partic-
ular, the ATLAS search for a heavy Higgs-like boson that decays to a pair of Z
bosons with a four lepton final state was shown in Chapter 7. A mild excess was
found with 79.8 fb~! of data at a mass of 245 GeV, hinting that this excess may be
correlated with the 270 GeV excess described above. The conclusion of this study
leads to the possibility of a large width heavy scalar being produced, which can
result in the double-peak structure. This structure was also identified in a separate

combination study of H — 4/ and H — ppu studies [123].

8.2 DISCUSSION AND PROSPECTS

The initial research question posed in Chapter 1 was:

Given the current reach of physics results from high energy physics experi-
ments, to what extent can anomalous features of the data be explained and

constrained by a simplified scalar extension to the Standard Model?

In order to answer this question appropriately, it is helpful for one to formulate an
opinion about the data collected at the LHC (the high energy physics experiment
in question). By and large, the results in this thesis tend to inspire an optimistic
opinion of the search for new physics at the LHC.

Consider the simplified model designed in Chapter 4 and extended in Chap-
ter 5. Starting with an extremely limited data set (compared to what is available
currently), this model was only able to describe a small set of anomalous features

of the data to a significance of 3c. Making only a few assumptions about the
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simplified model, and following some logical conclusions about its shortcomings,
resulted in a study of a more recent data set, presented in Chapter 6. With only
one degree of freedom, the overall improvement of the data compared with the
SM reached 8¢ of significance. Even though it is acknowledged that the model in
this thesis has its shortcomings, the result makes for a very strong argument that
there is physics present at the LHC that is not understood.

The answer to the research question is therefore quite concrete. A simplified
extension to the SM has been able to explain anomalous features of the LHC data
to a large extent. With this in mind, a new question could be posed for the future

of this work. The new question would read something akin to the following:

What is the precise cause of the large discrepancies we see in the multi-lepton

data?

The answer to this question requires that we appeal to a more comprehensive
approach of analysing the data. One cannot always rely on traditional methods
and inclusive analyses of the data. Recent advancements in the fields of machine
learning and classification techniques are promising avenues for untangling the
potentially complicated physics processes that remain to be understood from the
data.

With Run 2 of the LHC now officially complete, the popular opinion of the
particle physics community has started to show signs of negativity towards future
research (see for instance Reference [200]). While this sentiment is still far from
being the opinion of the majority, the consistent reliance on traditional methods
has led to frustration at no new discoveries at the expense of years of hard work.
In this thesis, it has been demonstrated that if new physics processes are being
produced at the LHC, it is not so clear that the underlying cause should present

itself to the community in an obvious way.
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MODELLING BSM PROCESSES FOR EXPERIMENTAL
SEARCHES

When one is concerned with experimental searches and measurements of physics
in the SM and beyond, theoretical predictions are almost always made using MC
predictions. This appendix describes the technical details for producing a set of
MC samples for BSM processes related to the production of a heavy scalar H, such
that they can be used in physics searches in the ATLAS collaboration.

In order to standardise the MC production procedure in the ATLAS collabora-
tion, a centralised software package called Athena is used to generate events. As an
input, Athena reads in a job options (JO) file, which specifies details of the specific
event generator(s) to be used. Athena can then be used to generate events first at
TRUTH level™ into what is called an EVGEN file. In this appendix, the necessary
inputs are described to generate EVGEN files (i. e. without detector simulation) and
distributions are shown at TRUTH level for the purpose of validating the inputs

and extracting interesting information about the modelled processes themselves.

A.1 SEARCHES FOR THE HIGGS BOSON IN ASSOCIATION WITH MISSING EN-

ERGY

As discussed in Chapters 4 and 5, a starting point for the BSM model discussed
in this thesis is the production of the Higgs boson in association with ETS in
the form of DM. This is a commonly searched for signature in the experiments

at the LHC, and so it was decided that this could be used as a search with the

TRUTH level refers to a fully evolved event without any detector simulation. Note that the name
should not necessarily imply that the event is modelled truly. It is up to the discretion of the duly
appointed authorities in the ATLAS collaboration to decide whether or not produced MC samples
are modelled correctly.
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ATLAS detector to constrain the parameters of the model using the & — 7y decay
mode. In this section, the first part describes how the MC prediction was made
for the effective H-h-x-x vertex introduced in Chapter 4, and the second part uses
the intermediate scalar S, as introduced in Chapter 5. The former prediction was
used in a search that was published, and provided an important constraint on the

parameter ﬁé

A.1.1 With an effective H-h-x-x vertex

The theoretical study in Chapter 4 made use of a custom-designed UFO [80] model
for use in MadGraph5_aMCNLO [81] to generate the g¢ — H — hx ) process at LO.
The same approach was followed for the MC production process in the ATLAS
collaboration with one key modification. For the ATLAS software to correctly iden-
tify the x particles as DM candidates, it was decided to change their identification
code to that of a SUSY neutralino. This has no effect on the physics of the process,
but is merely a technicality to make the event generation more compatible with
Athena.

The commands used to generate the process in MadGraph5_aMCNLO are therefore

as follows:

import model sm

define p=gucds u~ c~ d~ s~
define j =gucd s u~ c~ d~ s~
import model HHDM_intMET

generate p p > h2, h2 > h nl nl

Here the name of the modified UFO model is HHDM_1intMET, h2 refers to the heavy
scalar H, h refers to the SM Higgs boson and n1 refers to the DM candidate x. The
masses of the particles could be specified in the corresponding parameter card. In
this analysis a wide range of samples were produced with masses for H between
260 GeV and 350 GeV, and the mass for x was either 50 GeV or 60 GeV. The BR

of H — hxx was assumed to be 100% for the analysis, and therefore a limit on
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the production cross section times BR can be interpreted as a direct limit on the
H — hxx BR.

The decays, parton shower and hadronisation were all handled by Pythia 8 [82].
In ATLAS, the default prescription for the Pythia 8 parton shower is to use the A14
tune as a configuration [198]. Athena also deals with T-lepton decays and photons,
respectively, with TAUOLA and PHOTOS [201]. The decays of B-hadrons are handled
by the EvtGen software package [202].

A few interesting distributions from the production process are shown for four
different mass points in Figure 40. The chosen mass points are the 4 combinations
of my = {270,330} GeV and m, = {50,60} GeV. The first plot is the transverse
momentum of the di-photon system, which in this case is extremely similar to
the EXss, The peak shifts towards higher values when the difference between mpy
and my, + 2m, becomes larger. The second plot is the transverse momentum of
the yyxx system, which is a reconstruction of H. This is the typical spectrum for
ggF at LO, where without the parton shower the pr would always be zero, and
the tail is determined by the parton shower. Thirdly and finally, is an interesting
observable that could not be measured experimentally, the invariant mass of the
xx system. The distribution is still interesting, as it can provide an approximated
mapping between the simple effective H-h-x-x vertex and any similar processes
that predict an intermediate particle decaying to x) instead, such as the process
discussed in Chapter 5 and the next section.

As mentioned above, these MC samples were used in a Run 2 ATLAS analysis
that placed limits on the production cross section times BR of the g¢g — H — hxx
hypothesis [160]. The resulting 95% CL as a function of mp can be seen in Figure 41.
In this figure the theoretical cross section times BR for the process (with its asso-
ciated uncertainty) is shown as a blue band. This theoretical prediction includes
a ,8; scaling of the order of approximately two. Since the explicit assumption was
made that BR(H — hyxx) = 100%, this limit should be interpreted as a limit on the
BR if one assumes that the production cross section is fixed. Therefore, it can be
interpreted that at 95% CL, the BR(H — hxy) is excluded for values larger than

50% for the lower masses of H, and 10% for the higher masses.
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Figure 40: A series of TRUTH level validation plots for the MC production of g¢ -+ H —
hxx (h — ) using MadGraph5_aMCNLO and Pythia 8 in Athena for a set of mass
points. From the top to the bottom are distributions of the transverse momen-
tum of the di-photon pair, the transverse momentum of H and the invariant
mass of the xx system.
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Figure 41: The 95% CL as a function of mpy in the ATLAS Run 2 search for a Higgs boson
decaying to two photons in association with ET"** [160].

A.1.2  With the S mediator

If one considers the production of the Higgs boson in association with DM and/or
other particles via a mediator S (such as what was done in Chapter 5 with the
H — Sh decay mode), new degrees of freedom are introduced into the theory. The
new degrees of freedom will at least include the mass and width of S is intro-
duced. However, if one considers this model to be used in an experimental search,
the narrow-width approximation can be invoked to fix the width of S, and the
mass therefore becomes the only free parameter. In addition to this, the degrees of
freedom related to x fall away, since the fully reconstructed E%ﬁss will only depend
on the parameters of S in the S — xx decay mode. Therefore, using S as a media-
tor does not necessarily complicate the process described above, but rather offers
a simple way to explore the structure of EFsS production with different masses for
H and S. This is briefly discussed in this section.

The production of H through ggF, and its subsequent decay to Sh or SS, can be
modelled easily in Pythia, since all of the involved particles are Higgs-like bosons
(the H — Sh and SS decays are isotropic). As an example, shown below are the

required input commands for the JOs to generate the gg — H — Sh process, where
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the Higgs boson decays to 7y and the S boson decays to all other possible final

states:

Higgs:useBSM = on
ParticleDecays:mSafety = 0.0
HiggsBSM:gg2A3 = on
Higgs:clipWings = off
36:mWidth = 0.01
36:doForceWidth = on
36:addChannel = 1 1 100 35 25
36:0onMode = off

36:onIfMatch = 35 25
36:mayDecay = on

35:mMin = 50.0

25:mMin = 50.0

25:0nMode = off

25:onIfMatch = 22 22
SLHA:readFrom = 2

SLHA: file = H300_S140_Sh.slha
SLHA:useDecayTable = on

SLHA:allowUserOverride = on

Many of the details here are of a technical nature, but the important points are as
follows. The H is modelled as a particle with a particle identification (PID) code
of 36.'" The production of H is therefore specified on line 3. The PID codes of the
Higgs and S bosons are 25 and 35, respectively. Line 7 therefore adds the H — Sh
decay mode, and it is activated as the only decay mode with lines 8-10. The h —
decay mode is specified on lines 13-14 (the photon has a PID code of 22).

Finally, the mass, width and BRs of the S boson were specified with a file fol-
lowing the SUSY Les-Houches Accord (SLHA). Pythia reads the SLHA file in with
lines 15-18 above. The format of an SLHA file specifies different blocks for masses

and decays. In this case, the S boson is assumed to have SM Higgs boson-like de-

Strictly speaking, the PID code of 36 is reserved for a pseudo-scalar. However, the kinematics of the
production for a pseudo-scalar by ggF is identical to that of a scalar (it only differs up to an overall
cross section).
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cays with an additional S — xx BR of 50%. The appropriate SLHA file needed to

achieve this is as follows:

BLOCK MASS

36 300.0
35 140.0
1000022 60.0

DECAY 35 0.01

0.5 2 1000022 1000022
0.0298 2 21 21
0.000965 2 22 22
0.001225 2 21 23
0.2505 2 24 -24
0.03435 2 23 23
0.1575 2 5 -5
0.0176 2 15 -15
6.1le-05 2 13 -13
0.00795 2 3 -3
6.7e-05 2 4 -4
0.0 2 © -6

Lines 1-4 above are the MASS block, and simply specify the masses of the different
particles. In order, they specify that my = 300 GeV, mg = 140 GeV and m, =
60 GeV. The other lines (in the DECAY block) deal with the decays of S. The total
width is set to a narrow value of 0.01 GeV. The BRs to the SM particles are all
SM-like divided by 2, and the BR to x is fixed at 50% in this case.

Similar JOs to the one shown above were made for the H — SS where one S
decays to 7y, and H — Sh where the S decays to vy and the & decays openly.
One can see the effect on the di-photon pr for the different production modes in
Figure 42, as well as the total truth ETsS. From these figures it appears that there
is some mild discrimination ability between the different decay modes of H, if one

attempts to reconstruct the transverse momenta of the different bosons. Note also
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Figure 42: Comparisons of the H — SS and H — Sh decay modes for a mass point of
mpy = 300 GeV and mg = 140 GeV. The parentheses indicate the subsequent
decays of the scalars, where “all” refers to an open decay.

that the green curve doesn’t involve any production of DM, and this is why its
EMiss distribution peaks so low.

In a search for these production modes, however, it makes more sense to look
at jet-related variables for a better degree of discrimination. Several of these are
shown in Figure 43, namely the jet multiplicity, the b-jet multiplicity and the pr of
the first jet. For instance, if one were to reconstruct the S boson via the S — 7y de-
cay mode, the jet and b-jet multiplicities already provide a big separation between
the SS and Sh decays. Additionally, the discrimination power of the leading jet pr

can be used.
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The signal shown above might appear promising, since the SM background is
expected to be low for final states with a pair of photons and additional jets and /or
b-jets. However, the low BR of the & and S — 7 decay mode means that a signal
would not be striking with the current reach of the LHC. In order to maximise the
discovery potential of the H — SS and Sh decay modes, it makes more sense to
look at a decay mode with a higher BR. As the mass of S becomes closer to 2myy,
the S — WW BR becomes dominant (see Figure 3), and therefore the SS/Sh — 4W
search becomes optimal. The ATLAS collaboration did indeed perform a search for
this final state [162] using a similar method for MC production described above.

The final results are in the form of 95% CL plots as a function of the resonance
masses, shown in Figure 44. No significant excess was found in the search, al-
though it should be noted that the ATLAS search only considered the H — SS
decay mode at specific masses above the kinematic threshold (i.e. the off-shell
production of an S boson was not considered, which is an important part of the
parameter space for the model). However, the limits are still useful as a gauge of
the potential cross sections which might be at play for the considered BSM scenario.
In future, other potential searches could be proposed to explore these regions of

the phase space.

A.2 SEARCHES FOR ASSOCIATED H PRODUCTION

Up until this point in the thesis, the primary goal has been to study the potential
existence of a heavy scalar H through its associated decay to the SM Higgs boson.
However, as the reach of the LHC grows (and will continue to grow in the years to
come), one might start to consider if the heavy scalar itself might be constructed
directly via its decay to SM particles. In this section, a simple model is designed to
anticipate this eventuality.

The experimental collaborations already make searches for heavy bosons, in
most cases under the interpretation of a 2HDM. Many of these searches were dis-
cussed in Section 4.2. These searches will always consider the direct production of

H, and at maximum might also consider a VBF-like production (that is, H with
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Figure 44: The results of the ATLAS search for the H —+ SS — 4W decay process, in the
form of 95% CL plots. In (a) the mass of H (labelled as X by ATLAS) is fixed
to 340 GeV and the mass of S is scanned over, and in (b) the mass of S is fixed
to 135 GeV and the mass of H is scanned over. The different coloured lines
represent the limits from the 2, 3, and 4-lepton categories in the analysis. The
black line shows the combined limit for all the categories.
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(a) AZH model. (b) RSH model.

Figure 45: Representative Feynman diagrams for the topologies studied using the AZH
and RSH models.

two additional jets). Whereas a direct production is the simplest case, one might
also consider the associated production of H with extra degrees of freedom that
can control the associated final state objects. This is possible by including new
particles and interactions to the model that has been described so far, and was
attempted here through the design of the so-called AZH and RSH models.

The AZH model is designed to replicate the topology of the production of a
pseudo-scalar (A) production through ggF, which thereafter decays to ZH. This
topology is shown as a Feynman diagram in Figure 45a. The Z boson can then de-
cay to neutrinos to produce EXS, leptons or jets. The H boson can be reconstructed
most simply through any normal Higgs-like decay, H — -y for example. Since the
mass, width and BRs of the Z boson are fixed, one can control the kinematics of
the topology with at least 2 free parameters: the masses of A and H. The widths of
A and H can also be changed, although one can invoke the narrow-width approx-
imation and assume that their width is dominated by detector resolution effects.

The RSH model, on the other hand, has a similar topology to the AZH model,
but introduces a new heavy scalar R (with mr > mp + mg). Therefore, the RSH
model has at least 3 free parameters that can be used to control the kinematics
of the final state objects: the masses of R, H and S. Additionally their widths can
be controlled, or fixed to a narrow value; differences in width will be studied in
Appendix A.2.2. The topology can be seen in Figure 45b. Again, the decays of S
can be chosen to be neutrinos if one wants to study E‘Tniss, jets, vector bosons or

leptons as an associated production mechanism.
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Importantly, it should be noted that the AZH and RSH models are not intended
to be theoretically robust models. They merely serve the purpose of providing a
tool to explore the associated production of H in potential searches at the LHC.

The processes shown in Figure 45 can be produced using Pythia with relative
ease. Below, it will be shown how this is done for the H — vy and H — ZZ —
4(¢ decays modes. Some comparative distributions will also be shown in order to

understand the effects of changing the models’ free parameters.

A2.1 Modelling H — vy + X

The JOs needed to produce H in association with other final sate objects largely
follow the same logic as the production process described in Appendix A.1.2, al-
though without any need of an SLHA file. Firstly, for the AZH model, the produc-

tion can be specified with the following Pythia commands:

Higgs:useBSM = on
HiggsBSM:gg2A3 = on
36:m0 = 400.0
36:mWidth = 0.01
36:doForceWidth = yes
36:0nMode = off
36:onIfMatch = 25 23
25:m0 = 250.0
25:doForceWidth = yes

25:mWidth = 0.01

25:0nMode = off
25:onIfMatch = 22 22

23:0nMode = off

In this case, the A boson has a PID code of 36 and its mass and width are specified
on lines 3 and 4, respectively. The A — ZH decay is activated on line 7, where the
PID codes for Z and H are 23 and 25, respectively. The mass of H is set on line 8,

and in lines 11 and 12 it is specified that the H should decay to two photons.
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To specify the decay of Z, one can do the following to force it to decay to neutri-

nos:

23:onIfAny = 12 14 16

In the case of the Z — jj decay, one can write:

23:onIfAny =12 345

And finally, for Z — (¢ decays (where ¢ is an electron or muon), one can write:

23:onIfAny = 11 13

The RSH model, on the other hand, follows a similar logic but requires a few

extra lines:

Higgs:useBSM = on
HiggsBSM:gg2A3 = on

36:m0 = 450.0

36:mWidth = 0.01
36:doForceWidth = yes
36:addChannel = 1 1 103 35 25
36:0nMode = off

36:onIfMatch = 35 25

25:m0 = 250.0

25:doForceWidth = yes

25:mWidth = 0.01

25:0nMode = off
25:onIfMatch = 22 22
35:m0 = 160.0
35:mwWidth = 0.01
35:doForceWidth = on

35:0nMode = off

In this case, the R assumes the PID code of 36. The important additional lines are
lines 6-8, which first define the R — SH decay and then activate it. Again in this
case, the H has a PID code of 25, but the S has a PID code of 35. Therefore, the

mass of the S is set on line 14, and its width is set on line 15.
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The decay modes of S can then be chosen. For the S — jj decay mode, one can

write:

35:0nIfAny = 21 21

Specifically, this activates the S — gg decay mode. The quarks can also be used as
jets by specifying their PID codes (1-5). For the S — vv decay, the mode first has to
be created, since the vertex does not exist a priori for a Higgs-like boson (recall that
this model is in no way theoretically motivated). The decay mode can be created

and activated by using the following commands:

35:addChannel =1 1 103 12 -12

35:onIfMatch = 12 -12

Using the commands above, a set of mass points was chosen and events were
generated for comparative purposes. Distributions of a few important variables
can be seen in Figure 46 for both the S/Z — vv and jj decay choices. For the RSH
model, the mass of S is fixed to 160 GeV. For both models, different masses of A
and R are considered, but the mass of H is fixed to 250 GeV. The chosen decay
mode for H is to a pair of photons, although the plots are relevant to any decay
mode of H (as long as it can be reconstructed confidently).

Some interesting points arise from the plots in Figure 46. Firstly as expected,
the transverse momentum of the 7y system (i. e. the H boson) changes according
to the difference in mass between the parent particle and the sibling particle. For
example, the larger mass difference between R and S (when mg = 450 GeV) boosts
the H to a higher transverse momentum than when the difference is smaller (when
mg = 420 GeV). This also affects the EXS spectrum. In the case where S and Z
decay to jets, the jet multiplicity becomes dependent on the mass of the heaviest
resonance in the process, since more energetic gluons are needed to produce a
heavy resonance, and these energetic gluons tend to radiate more. This can be used
to discriminate between mass hypotheses. This may be helpful, since it becomes
difficult to reconstruct the mass of S or Z from the di-jet mass spectrum, as can be
seen in the plots. Even at truth level (i. e. without detector resolution effects), the

mj; spectrum becomes wide due to energy losses during the formation of the jet.
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(b) For the S/Z — jj decay mode.

Figure 46: A number of interesting observables for comparison of the AZH and RSH mod-
els for (a) the S/Z — vv decay choice and (b) the S/Z — jj decay choice. In all
plots, mg = 160 GeV and mp = 250 GeV.
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A.2.2  Width effects with H — ZZ — 40 + X

Generating events with the AZH or RSH model that have a different H decay mode
requires only a small modification to the JOs shown above in Appendix A.2.1. In
this brief section, the effect of changing the H width is determined using the RSH
model with the H — ZZ — 4¢ and S — vv decay modes. The necessary Pythia

commands are as follows:

Higgs:useBSM = on
HiggsBSM:gg2A3 = on

36:m0 = 450.0

36:mwWidth = 0.01
36:doForceWidth = yes
36:addChannel = 1 1 103 35 25
36:0onMode = off

36:onIfMatch = 25 35

25:m0 = 250.0

25:doForceWidth = yes
25:0nMode = off

25:onIfMatch = 23 23
23:0nMode = off

23:onIfAny = 11 13

35:m0 = 160.0

35:mWidth = 0.01
35:doForceWidth = on
35:addChannel = 1 1 103 12 -12
35:0nMode = off

35:onIfMatch = 12 -12

The H — ZZ — 4{ decay mode is specified in lines 11-14.
Thereafter, changing the width of H is trivial. Here, the width is considered at
1%, 3% and 5% of the nominal mass of H. If the mass of H is fixed to 250 GeV here,

changing the width to 1% of the nominal mass requires the following:

25:mWidth = 2.5
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Changing the width to 3% is done as follows:

25:mWidth = 7.5

And finally, changing the width to 5% is done with:

25:mWidth = 12.5

Using the JOs shown above, a few mass points were selected to understand the
effect of the H boson width on the kinematics of its decay products. The selected

mass points were:
o mr = 390 GeV and mpy = 220 GeV,
o mr = 450 GeV and my = 250 GeV, and
o mgr = 800 GeV and my = 500 GeV.

By and large, the kinematics behave similarly to the study shown in Appendix A.2.1.
The biggest effects are on the mass and transverse momentum of the 4/ system, as
shown in Figure 47.

The effect of the width on the mass of the 4/ system (i.e. the H boson) is pre-
dictable, since the width will change the structure of the Breit-Wigner factor in the
propagator. Larger values of the width lead to a wider mass spectrum, by defi-
nition. The effect on the pt spectrum is significantly more mild. But it is evident
from Figure 47 that a larger width also widens the pr spectrum. This is because
the mass of H will fluctuate more with a larger width, and so the total available
energy for the decay process will also fluctuate, leading to variations in the pr.
Since the S boson decays entirely to ETS$, the same effect can be seen in the EMisS

distribution.

A.2.3  Prospects for the AZH and RSH models

It should be noted again that the AZH and RSH models are not theoretically mo-

tivated, but are useful for data-driven searches for heavy scalars. The freedom of
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Figure 47: A comparison of different mass points in the RSH model for the H — ZZ — 4/
and S — vv decay modes. Different widths of H are also considered, at 1%, 3%

and 5% of the nominal H mass.
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choice in the parameters allows one to do a simple MC study useful for optimisa-
tion criteria and the expected magnitude of interesting variables.

Up until this point, the AZH and RSH models have not been used in a published
experimental result. They have been useful in determining important variables and
their cuts for some searches in ATLAS, particularly in the H + EX channel. But

these searches are still underway and may not be published in the near future.
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