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ABSTRACT

he discovery of the Higgs boson in 2012 by both the ATLAS and CMS experiments

at the Large Hadron Collider (LHC) at CERN marked the beginning of a new age

in particle physics. As the last missing piece in the Standard Model (SM), the Higgs
boson plays a fundamental role in particle physics. Since its discovery, more emphasis has been
placed on attempts to further understand its properties, opening up a new realm of beyond the
Standard Model physics (BSM). A model was formulated based on various anomalies observed
by both ATLAS and CMS in Run 1 of data taking. The model introduces a heavy scalar particle
as well as an intermediate scalar, which can decay into both dark matter and SM particles.
Initially, we hypothesize the heavy scalar decaying to the Higgs boson and two dark matter
candidates (H — hyy). A search is done in the diphoton channel and driven largely by missing
transverse energy (ErTniSS) denoted h(— yy) +EITniSS. No significant excess over the expected
background is observed in the dark matter search using data corresponding to an integrated
luminosity of 36.1 fb~1. As a result, the search was then redirected towards other final states.
In November 2016, an excess was observed with a diphoton invariant mass around 248 GeV
associated with moderate E%ﬁss. In view of this result, we looked at the direct decay of H into
Yy, where H(— yy) +E$i55. We looked for and found the same excess in Run 1 data. With the
implementation of several E%ﬁss suppression techniques, the diphoton resonance search was
performed using Run 2 data and extrapolated to the Zy final state. The analysis was redone
following the migration from ATLAS Release 20 to Release 21 and was also documented. For
the yy channel most of the excess is found around approximately 246 GeV with a maximum
local significance of 3 o and a global significance of 2.5 o (2015+2016+2017 data). In the Zy
channel, the excess is found around 252 GeV with a maximum local significance of 4.14 ¢ and

global of 3.41 o (2015+2016+2017 data). This document also details the reconstruction and



performance of E?i“ in these diphoton final state searches. The stability of the performance of
E?iss is essential for all BSM searches at the LHC which adds a significant amount of value to
this documentation. In an effort to aid in the 2019-2020 ATLAS detector upgrade, a comparative
study was done to determine the most radiation hard brand of plastic scintillators in order to
replace the gap and Minimum Bias Trigger scintillators of the Tile Calorimeter. The scintillators
are exposed to harsh radiation environments within the detector, making them susceptible to
damage. After experimenting on various scintillator grades, the EJ 200 polyvinyl toluene based
scintillator was found to be the most suitable brand as it showed a fairly low decrease in light
transmission, and a substantial amount of annealing after irradiation for intermediate to small

doses.
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CHAPTER

INTRODUCTION AND THEORETICAL BACKGROUND

"Look up at the stars and not down at your feet. Try to make sense of what you see, and wonder

about what makes the universe exist. Be curious" - Stephen Hawking

1.1 Introduction

hroughout history, scientists and philosophers have speculated about the origin of
the universe. Any step closer to figuring out how the universe began is a step closer
to us understanding ourselves better. Exploration has allowed us to discover new
continents, find cures for diseases, advance in technology and means of communication and
more. Correspondingly, exploring the origin of the universe equips us with the knowledge
needed to better predict our future thus allowing us to shape our civilization. All in all, a better
comprehension of our universe is part and parcel of human evolution. Our interest to address
fundamental questions about the origin of the world has led us to build better technology to
address the issue, technology that we have the privilege of utilizing today.
Human curiosity inspired high energy particle physics as a broad field of fundamental
research dedicated to decipher the fundamental constituents of matter. The scrutiny of these

constituents of matter is made possible through the development of powerful particle accel-
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erators which have led to the discovery of new fundamental particles. In the 20" century,
a theoretical model called the Standard Model (SM) of particle physics was developed to
understand these elementary particles and how they interact. The formulation of this elegant
theory was based on a century’s worth of gathered theoretical and experimental results. The
discovery of the Higgs boson in 2012 triggered a rush of excitement throughout the high energy
physics community as it constitutes a predominant part of this theory. The Higgs boson was the
last missing piece of the SM and plays a crucial role as it couples to elementary particles and

gives them mass.

In spite of its elegance and success, the SM has imperfections thus making it an incomplete
theory. Some of the theory’s shortcomings include the fact that it does not certain the description
of gravity nor explain dark matter and dark energy. In addition, according to the SM, neutrinos
are massless and matter-antimatter asymmetry cannot be explained. These limitations and
others have emanated the existence of physics beyond the Standard Model (BSM), a new realm

of physics which is an integral part of this documentation.

The remainder of the chapter is organized as follows: Section 1.2 gives a basic introduction
to the SM of particle physics and the fundamental forces in the Universe. Section 1.3 describes
the Higgs boson and its the role in the Standard Model. Section 1.4 describes the formulation

of the Madala hypothesis used in the present search for dark matter particles.

1.2 Standard Model of particle physics

The Standard Model [25-28] is a successfully tested theory which provides a fundamental
comprehension of the known phenomenology of particle physics. This physics model describes
three of the four forces of nature: weak, strong and electromagnetic forces. It is the SM of
particle physics which is at the helm of classifying the elementary particles of nature using a
mathematical formalism referred to as quantum field theory [29, 30]. The interactions of such
systems are governed by the SM Lagrangian which is invariant under space-time dependent
continuous transformations of the gauge group SU(3) x SU(2) x U(1). The SM Lagrangian

and its constituents are shown in Equations 1.1-1.5 below.
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$8M2$G+$F+$Y+$H, (1.1)

where the different components of this Lagrangian are defined as,

Lo=- i W FH (1.2)
Lr=iyPy+h.c. (1.3)
Ly =yiyiyip+h.c. (L.4)
SLu=—Dupl> - V(9), (1.5)

where £ represents couplings to gauge bosons, Zf represents couplings to fermions, Ly
represents Yukawa couplings and £y represents couplings to the Higgs boson. These terms

also include the kinetic terms of various fields.

1.2.1 The elementary particles

All fundamental particles in nature are divided into two types: fermions and bosons [31].
Fermions possess half-integer spin whilst bosons possess integer spin. The SM comprises
twelve spin % fermions and their anti-particles which are classified according to how they
interact. The spin 1 gauge bosons of the SM are defined as force carriers that mediate the strong,
weak, and electromagnetic interactions. Figure 1.1 summarizes the SM particles.

Among the fermions are six quarks (up, down, charm, strange, top and bottom) and six
leptons (electron, muon, tau, electron neutrino, muon neutrino and tau neutrino). Pairs from
each class of fermions are grouped together to form the generations of matter which correspond
to particles which exhibit similar physical behaviour except their mass. Among the bosons
are gluons, photons, W* and Z bosons, as well as the Higgs boson. Gluons are massless
and mediate the strong force between quarks, as well as interact with other gluons. Photons
mediate the electromagnetic force and therefore couple with charged particles. W* and Z gauge
bosons are massive and mediate the weak force between particles of different flavours. The

photons, W* and Z gauge bosons collectively mediate the electroweak interaction which is
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mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge » 2/3 u 2/3 C 2/3 t 0 0 H
spin > 1/2 1/2 1/2 1 g 0
Higgs
up charm top gluon boson
=~4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c? 0
-1/3 d -1/3 S -1/3 b 0
12 12 12 1 &
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 -1 -1 0
1/2 e 1/2 .I‘]' 12 T 1 ;
electron muon tau Z boson
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112 ve 112 ])].1 112 ])T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: Schematic diagram of the Standard Model particles: The three generations of
matter/fermions, gauge bosons and the Higgs boson.

a unification of the electromagnetic and weak forces of nature. Finally, the Higgs boson is a
massive scalar spin 0 particle which explains why elementary particles acquire a mass through
a dynamical process called the Higgs mechanism, allowing the electroweak theory to have a
finite length of influence because the W,Z bosons have a mass. The Higgs boson model is

discussed extensively in Section 1.3.

1.2.2 Quantum Chromodynamics

In the sixties, inelastic electron-proton scattering results showed that protons were made up of
quarks and gluons [32]. Quantum chromodynamics (QCD) is the theory of the strong force

which describes the interactions between these quarks and gluons. While this section describes
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0—‘)0-—0
P=J =

Figure 1.2: A simple illustration of quark color confinement.

the main attributes of QCD, [33] encompasses a more detailed description of the theory. The
strong force can be formulated using the gauge group SU(3)¢, where C corresponds to color
charge. The force carriers in this theory are the gluons which transmit the strong force between
particles that carry color, namely quarks and other gluons. According to Reference [34], quarks
occur in three different colors: red, green and blue.

Color charged particles cannot be isolated and therefore cannot be directly detected. This
can be explained by one of the renowned properties of QCD known as confinement which
occurs at low energies. According to the confinement phenomenon, the force between a quark
pair does not diminish as they are separated. Instead, the strong force between the quark pair
acts constantly whilst the potential energy grows linearly. As a result of this, the separation
leads to the energy in the gluon field becoming large enough to create another quark pair and
the quarks begin to form bound states called hadrons. Figure 1.2 shows a simple illustration of
the quark confinement phenomenon. Hadrons have no color charge associated with them and
can therefore be mesons or baryons. Mesons are comprised of one quark and one anti-quark,
with a possible color configuration of red,anti-red. Baryons comprise three quarks, with a

color configuration of red, green, blue. Another fundamental property of QCD is known as
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asymptotic freedom which comes to play at high energies. In this regime, quarks and gluons
interact very weakly, creating a quark-gluon plasma. Basically as the distance between quarks
decreases, the strong force weakens until it reaches asymptotic freedom such that the particles

no longer interact via the strong force.

1.2.3 ElectroWeak Theory

The electroweak theory is a unified description of the electromagnetic and weak forces of nature.
The electroweak interaction can be formulated as a quantum field theory whose Lagrangian is
symmetric under the SU(2);, x U(1)y gauge group, where L denotes the left-handed fields and
Y denotes the hypercharge. f-decay studies revealed that only left-handed fermions take part in
charged current weak interaction [35]. The hypercharge is introduced in order to combine the

weak and electromagnetic forces and is given by

Y =2Q-Tj3) (1.6)

where Q is the electric charge and T's is the third component of weak isospin of the particle.
Introducing the massive mediators destroys on a general basis gauge invariance. The gauge
symmetry then basically forbids the inclusion of a mass term for the gauge bosons such that the
SU(2)r, x U(1)y Lagrangian equations only contain massless fields. Therefore, electroweak
symmetry must be broken to allow for the incorporation of the massive gauge bosons (W+,Z)

together with the massless photon into the SM Lagrangian.

1.2.3.1 The BEH mechanism and Spontaneous symmetry breaking

The Brout-Englert-Higgs (BEH) mechanism provides the means by which the fermions and
gauge bosons acquire mass in the process of spontaneous symmetry breaking (SSB) [36—40].
SSB describes systems where the Lagrangian obeys certain symmetries, but the corresponding
lowest-energy vacuum solutions manifest a restricted group of symmetries. In other words,
under BEH mechanism a solution of a problem does not necessarily have the same symmetry as
the problem. Figure 1.3 shows the “Mexican hat" potential which illustrates that phenomenon.

One can consider a scalar field, ¢, in a simple potential V' whereby the Lagrangian is given by

10
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1
£ = 50,p0" ¢~ V() (1.7)

where the potential is given by

1o 1,4
V(g)= SuPg?+ SA*, (1.8)

In the case where the mass term is chosen to be positive (u2 > 0), the minimum of the
potential will be at 0. On the other hand, if the mass term is chosen to be negative (u? < 0),
then the minimum is no longer 0, but instead lies within a circle of radius v = \/W . One
can conclude that the symmetry has been broken spontaneously as encapsulated in Figure 1.3,
where the field develops a non-zero value referred to as the vacuum expectation value (vev).
This vev couples with fermion (with the addition of extra Yukawa terms) and gauge fields in
such a way that mass terms are incorporated while maintaining gauge invariance. This allows
fermions and gauge bosons to appear massive, consistent with experimental observation.

In many body systems SSB is a common occurrence, but within the SM an intriguing
consequence of SSB is the prediction of a massive scalar particle known as the Higgs boson. A
neutral massive spin-0 particle which is given mass by the generated vev and is discussed in

detail in Section 1.3.

1.3 The Higgs Boson

The SM predicts the existence of the Higgs boson as shown in Section 1.2.1 which has a mass
denoted m,. In order for the Higgs mechanism to explain the non-zero masses of the W* and
Z bosons, mp, must also be non-zero. The Higgs mass is a free parameter in the SM and the
preferred production and decay modes of the Higgs boson are strongly dependent on it as seen

in Figures 1.5 and 1.7, respectively. The mass of the Higgs boson itself is given by:

mp=V2v2, (1.9)

where A is a free parameter, hence why one cannot predict the mass of the Higgs boson

mass in the SM, it can only be measured through observation.
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Re(?) Im(¢)

Figure 1.3: Graph of Goldstone’s “Mexican hat" potential function V versus ¢.

The BEH in the SM includes an extension of the simple model discussed with spinor
complex scalar fields that give the m = 0 state of the massive W* and Z bosons. Three fields
are absorbed by the massive bosons as degrees of freedom and the remaining state in scalar

field is the Higgs boson.

1.3.1 Production mechanisms

The Higgs mechanism is characterized by the generation of masses for the W* and Z weak
gauge bosons through electroweak symmetry breaking [41]. The BEH mechanism discussed in
Section 1.2.3.1 allows fermions and the massive gauge bosons to aqcuire mass by interacting
with the Higgs field which permeates all space. At the Large Hadron Collider (LHC) at CERN,
Higgs boson production is possible through five main production processes, namely, gluon-
gluon fusion (ggF'), vector boson fusion (VBF'), associated V' h production or Higgs Strahlung
(Wh and ZH), Top fusion (¢¢h and th) and bb fusion (bbh). [42]. The figures to follow
show the leading order (LO) Feynman diagrams representing the different Higgs production

mechanisms. The cross sections for the different production processes as a function of the
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CJ

(b)
Figure 1.4:

Higgs boson mass are shown in Figure 1.7.

The most dominant production process at /s = 13 TeV is the gluon-gluon fusion (ggF)
process in which two gluons fuse and produce a Higgs boson via a loop of virtual heavy
quarks (top and bottom quarks), shown in Figure 1.6a. Another common process is the vector
boson fusion (VBF') process which is initiated by two quarks or two anti-quarks colliding and
exchanging a virtual W or Z boson which emits a Higgs boson as demonstrated in Figure 1.6b.
Figure 1.6¢c shows the case whereby a Higgs boson is emitted by a W boson through a process
referred to as Higgs strahlung (V &). In this process a quark and anti-quark collide resulting
in a W or Z boson which can emit a Higgs boson if it carries a sufficient amount of energy.
The least common process is the top fusion (¢¢h and ¢th) process in which a Higgs boson is
produced in association with a heavy quark and anti-quark pair and ¢¢A production is shown in

Figure 1.6d.

In bbh production, a Higgs boson is produced in association with b-quarks as shown in
Figure 1.4. This bbh mechanism is suppressed by the size of the Yukawa coupling, however, in
a supersymmetric conjecture, the b-quark Yukawa coupling can be enhanced, which can result

in this mechanism being the most dominant one.

The contributions from NLO in QCD corrections were calculated in the References [43-54]
and the next-to-next-to-Leading order (NNLO) corrections were calculated in the references [S5—

60].
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Figure 1.5: Higgs boson branching ratios and their uncertainties for the mass range around 125
GeV [61].

1.3.2 Decay mechanisms

The Higgs boson decays into lighter particles and does so through many processes, each with
its own probability expressed as a branching ratio. Figure 1.5 shows the branching ratios as a
function of my, for the various Higgs decay modes.

For the lower mass Higgs boson, the most dominant decay mode is the bb due to the
heavy mass of the b-quark and occurs approximately 56.1% of the time [62] at mj; = 125 GeV.
Another low mass decay mode is the 77 pair which occurs approximately 6% of the time. The
Higgs boson can also decay into massless gauge bosons via a loop of virtual heavy quarks, that
is, the gg and yy decay modes which happen about 8.5% of the time. The yy decay mode is
very rare and is mediated by a loop of W bosons or heavy quarks with a branching ratio of
0.2% at mp, = 125 GeV. In the case of the higher mass Higgs bosons, the WW and ZZ decay
modes are dominant and WW decays occur 23.1% of the time at my = 115 GeV whilst ZZ
decays occur 2.9% of the time at mj = 125 GeV. However, the yy decay is very useful because
the energy and momentum of the photons can be measured very precisely thus giving accurate

reconstruction of the invariant mass of the decaying products, allowing to fight against the large
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Figure 1.6: Feynman diagrams for the dominant Higgs production mechanisms at the LHC: (a)
Gluon-gluon fusion, (b) vector boson fusion, (c¢) Higgs strahlung, (d) top associated production.

QCD background. This document focuses on searching for the Higgs Boson in the yy decay

mode.

1.3.3 History and discovery

At CERN, searches for the last missing piece of the SM began around the 80’s. The expedition
was facilitated by the Large Electron-Positron (LEP) collider, the largest electron-positron
collider ever built, covering a 27 km circumference. The collisions produced by the LEP were
explored by 4 large detectors (ALEPH, DELPHI, L3 and OPAL). The LEP operated at 100
GeV for several years and this energy doubled after modifications and upgrades, producing

double the amount of particles. Unfortunately, the Higgs boson was not observed during this
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Figure 1.7: Higgs boson production cross sections [61].

era, on the bright side, detailed studies of the electroweak interactions were made possible by

this experiment before it ended at the dawn of the 3"¢ millennium.

Following shut down, the LEP was replaced by the Large Hadron Collider (LHC) whose
infrastructure is explored in detail in Section 2.1. The LHC began operation in 2008 and enticing
hints of the Higgs boson were observed in 2011. At the time, the consensus was that if the
Higgs does in fact exist, its mass must be constrained within the range 116-130 GeV (ATLAS)
and 115-127 GeV (CMS). Regrettably, these hints were not strong enough to claim a discovery.
The search continued at Fermilab in the United States, where the Tevatron (the collider that
discovered the top quark), had been upgraded for this purpose. The Tevatron was only able
to exclude further ranges for the Higgs mass, and the final analysis of the data excluded the
possibility of a Higgs boson with a mass between 147-180 GeV. In addition, there was a small

excess of events possibly indicating a Higgs boson with a mass between 115-140 GeV [63].

In 2012, the observation of a Higgs boson with a mass of approximately 125 GeV was
disclosed by both the ATLAS and CMS collaborations [64, 65]. This was one of the greatest

achievements of the LHC program at the European Organization for Nuclear Research (CERN)
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Figure 1.8: The observed local p( distribution as a function of mj, for (a) ATLAS and (b) CMS
for 7 TeV and 8 TeV data [64, 65].

and denotes a historic moment. The Higgs boson particle was discovered through the detection
of its decay products with both the ATLAS and CMS experiments operating at /s =7 TeV
and /s’ =8 TeV in 2011 and 2012 respectively. The observed local p( values obtained from
the combination of the channels A — ZZ, h — yy and h — WW are shown as a function of m,
in Figure 1.8 for ATLAS and CMS, respectively. Both experiments measured a significance of

=5 0, a clear-cut discovery marking a momentous time in particle physics.

The discovery of the Higgs boson marked the beginning of exploration for particle physicists
worldwide. At disposal was the opportunity to better comprehend the properties of this Higgs
boson particle through theory and experimentation. With the discovery of the Higgs boson
the SM is now complete, yet unanswered questions still prevail. The SM cannot account for
the nature and origin of dark matter, nor does it address the hierarchy problem between the
electroweak and Planck scales. Solving the issues at hand would entail the introduction of new
models, which allow us to probe new realms of physics that today constitute what is known as

Beyond the Standard Model (BSM) physics.
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Table 1.1: A List of experimental results used to constrain the relevant parameters of the Madala
hypothesis [66].

Results Publication
Differential Higgs ATLAS | Fiducial cross section measurements on 2 — yy [68]
boson pr spectra and h — ZZ* — 4] [69]
CMS Fiducial cross section measurements on 2 — yy [70]

and h - ZZ* — 41 [71]
Di-Higgs boson ATLAS | Limits on H — hh — bbtt, yyWW?*, yybb and bbbb
resonance searches [72]
CMS Limits on H — hh — yybb [73], bbtt [74] and multi-
lepton [75]
Top associated Higgs | ATLAS | Limits on A — yy [76], Measurements on multi-lepton
boson production decay channels [77] and A — bb [78]
CMS Limits on A — yy and A — bbd [79]
ATLAS | Limits on H - WW [80] and H — ZZ [81]
CMS Limits on H — WW and H — ZZ[82]

H — V'V decays

1.4 The Madala Hypothesis

In an effort to unravel the possible connection among a number of anomalies in the data, the
Wits Institute for Collider Particle Physics together with colleagues from India developed the
Madala hypothesis. As forerunners of this hypothesis, the institute took the initiative to name
the model "Madala" which means "old one" in the South African Zulu language. In South
African culture the term "Madala" is used as a form of respectful address towards elderly men, a
naming convention considered fitting for the hypothesized heavy scalar particle, H, the Madala
boson.

The Madala hypothesis is described in detail in the references [66, 67] and was formulated
based on inconsistencies in Run 1 data measured by ATLAS and CMS. Table 1.1 highlights
measurements made by ATLAS and CMS which were considered in the design of the Madala
hypothesis. Results from the Higgs boson pr 5, spectra, di-Higgs boson searches, top associated
Higgs production and V'V decays were used to assist in constraining the relevant parameters of
the hypothesis.

Run I data reflected an excess in the Higgs boson pr; spectrum which reflected an

inconsistency with the SM prediction, encouraging speculation of BSM physics. In other words,
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Figure 1.9: The Feynman diagrams for the production (a) and decay (b,c,d) of the hypothetical
heavy scalar.

the distortion of the Higgs boson pr 4 spectrum can be seen as a possible indication of Higgs
production in association with missing energy thus inferring new physics. In fact, the Madala
model describes the excess in the pr 5 spectrum quite well, as observed later in this section,
the Higgs pr  continues to be distorted [83] and the rate of the Higgs boson continues to
be elevated [84]. It is worth mentioning that the Higgs boson p7 ;, on its own can never be a
smoking gun, it was merely an indication that something at the EW scale may be at hand.

In an attempt to describe the Higgs p7 5, spectrum, a heavy scalar H which can decay to at
least one Higgs boson is initially introduced. That is, H — hh,hy ), where y is a dark matter
(DM) candidate. The production and decay modes of H are shown schematically in Figure 1.9.

In order to explain the excesses in data, a BSM extension to the SM is required:

L =ZLsm+ Lsm, (1.10)

where all new interactions and states are encompassed in £gsym which constitutes:

fBSM:$H+$Y+$T+$Q- (1.11)
The different sectors of this Lagrangian are defined as:
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Lra=- i ﬁgx;z‘g GuwG*H + oM V,VFH, (1.12)
xyz—% [yttHftH+ybe5bH], (1.13)
,%T:—% V| Ay HRR+ A oy + Ay Hx |, (1.14)
Lo=- %AHWHh Yr—- i)tHHhhHHhh

- ixlhh“hh)()(— EAHH”HH)(% (1.15)

where the terms Ly, Zr and £ are the Yukawa, trilinear, and quartic interactions pertinent
to this formulation, respectively. H, y and v denote the heavy scalar, dark matter candidate and
vacuum expectation value (v = vev = 246 GeV), respectively.

The effective coupling of gluons to H is represented by the first term in Equation 1.12,

SM
hgg

and controls the rate at which H is produced via ggF'. The product g gK}SL;\g is regarded as the

where x> is the SM coupling and is defined as a/(37wv). The parameter S5 is dimensionless

effective coupling strength of gluons to H. Similarly, in the second term of Equation 1.12,

KE‘% = m%,/v represents the coupling of H to weak vector bosons and B, is there to control the
branching ratio of H - V'V.

The Yukawa couplings between H and the heaviest quarks are given in Equation 1.13 and
are considered to be SM-like Yukawa couplings multiplied by the factor f,. This term allows
for H — bb decay, but is considered negligible due to its subdued branching ratio.

The possible trilinear and quartic couplings between A, H and the DM candidate y are
encapsulated in Equations 1.14 and 1.15, where y is assumed to be scalar for simplicity. The
trilinear coupling in Equation 1.14 allows for H — hh decays on account of the excesses
observed in the resonant di-Higgs production results. The quartic couplings in Equation 1.15
(Agy,,) allow for Higgs boson decays in association with missing transverse energy (E%liSS or
MET).

The proposed model was fit against the four classes of constraints featured in Table 1.1 and
both the ATLAS and CMS results were used for impartiality. A simultaneous fit was done in

terms of calculating and minimizing a combined y? value while varying ¢ as a function of the
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Figure 1.10: Fits to the Run 1 ATLAS and CMS pr spectra. The ATLAS H — yy [68] result
has been shown with a decomposition of the SM prediction and the SM+BSM prediction (left),
while the ATLAS H — ZZ result [69] and CMS results are shown only as ratio plots of data
and SM+BSM predictions [70, 85].

mass of H (mp). It was observed that the lower values of m fit the experimental data better
than the higher ones and the masspoint my = 270 GeV minimized y? the most. Figure 1.10
shows the examples of fits at the minimized y2. In addition, an interpolation between mass
points yields the smallest combined minimized y? at mz = 272 GeV, with upper and lower

errors being 12 GeV and 9 GeV, respectively. This best fit is shown in Figure 1.11.

In equation 1.15 the decay H — hyy is treated through an effective quartic interaction.
However, the DM candidates can originate from an inert scalar (S) [67, 86]. S is assumed to
have a mass mj < mg < myg — my, allowing for new processes associated to the decays of
H. In Figure 1.12, S is assumed to mediate the H — Ay y interaction by decaying into a pair
of DM particles. This implies 100% branching ratio of S — yy, which may not necessarily
be the case. As a result, this S — yy possibility allows for new prospective searches such as
H — SS and H — Sh which produce events that include photons, jets, leptons and E?i“. The

introduction of the two scalars S and y into the 2HDM model generates five new scalars and
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Figure 1.11: A scan of minimized y? values as a function of the the mass of H.

several new decay possibilities summarized in Table 1.2. Taking the existence of S into account
could prove to be advantageous as it would broaden the scope of searches associated to the
Madala boson. If S is assumed to exhibit Higgs-like behaviour, one would expect it to decay
predominantly to vector bosons. References [67, 87] also discusses the prospects of embedding

the Madala hypothesis into a Two-Higgs-Doublet model plus scalar singlet 2HDM+S).

As aresult of the work in this thesis, it is established that a big excess is not observed in the
search for DM particles, indicating that S does not in fact decay 100% to DM as previously
speculated. Since then, members of the institute have focused on other final states, in particular

multi-lepton final states.

Within the context of new possibilities, the Madala hypothesis can be used to scrutinize
the various ATLAS and CMS di-lepton invariant mass spectra. An excess in events containing

two leptons plus jets and E?iss was predicted in Reference [66]. In an effort to understand this
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Figure 1.12: Feynman diagrams of the Madala hypothesis: (a) the decay of a heavy scalar,
H, through the effective quartic AhH yy vertex and (b) due to the additional scalar S under a
AHARS ASyyx replacement [67].

Table 1.2: A list of possible decay modes of the 2HDM scalars and S based on the explicit
mass choices as described in the text in Reference [67].

S. No. | Scalars | Decay modes

D.1 h bb, 11, utu, ss, cé, gg, vy, Zy, WW~,ZZ
D.2 H D.1, hh,SS, Sh

D.3 A D.1,¢,Zh, ZH, ZS, W+ HF

D.4 H+ W+th, WtH, WS

D.5 S D.1, yx

excess, a study focused on the decay of S to di-lepton final states was set in motion [88]. The
BSM di-lepton signal was compared to the ATLAS and CMS data and the best event yield was
calculated by varying the BSM normalization and fitting the SM+BSM prediction to the data
using several measurements discussed in Reference [88]. Figure 1.13 shows the distribution of
the ATLAS data and SM background compared to the BSM signal for the di-lepton invariant
mass in events with leptons and at least one b-tagged jet. The extension to the SM that introduces
a Higgs-like S describes the data quite well for higher masses, however, visible discrepancies
in the lower mass range are observed. This, together with several other anomalies is indicative
of the fact that multi-lepton final states are not well understood at the moment. In a continued
effort to try and comprehend the anomalies in multi-lepton final states while testing the Madala
hypothesis, we consider the same simplified model where H — Sh and S is Higgs-like and
only consider one parameter [84]. The masses are fixed to my =270 GeV and mg = 160 GeV,

respectively. The idea is to try and figure out how compatible these discrepancies in data are.
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Figure 1.13: Distribution of the ATLAS data and SM background comparing to the BSM signal
for the di-lepton invariant mass in events required to have two oppositely charged leptons (epu)
with at least one b-tagged jet. The data used here is from pp collision collected by the ATLAS
experiment at /s = 8 TeV with an integrated luminosity of 20.2 fb~! [88].

Simultaneous fits for all the measurements in Table 1.3 are done and the profile likelihood
ratio for each individual result and their combination is shown in Figure 1.14. The best fit is
,Bg 2.92 + 0.35 which corresponds to a significance of 8.04 o. This is a clear measure of the
inability of the current tools to describe multiple-lepton data and how our simplified model is
able to capture the effect with just one parameter. The concept of embedding of the Madala
hypothesis into a 2HDM+S model is actually now in good shape to be tested by experiments to

further explore these discrepancies in multi-lepton final states.
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Table 1.3: A summary of the SM+BSM fit results for each measurement considered, along with
the result of their combination [84].

Selection Best-fit ﬁ?g Significance (o)
ATLAS Run 1 SS Il and lll+ b-jets | 6.51 +£2.99 | 2.37
ATLAS Run 1 OS eu+b-jets 4.09 + 1.37 | 2.99
CMS Run 2 SS ep pp l1l+ b-jets 1.41 £0.80 | 1.75
CMS Run 2 OS ep 279 £0.52 | 545
CMS Run 2 111 + EX™S (WZ) 9.70 + 3.88 | 2.36
ATLAS Run 2 SS I/ and [/ll+ b-jets | 2.22 + 1.19 | 2.01
ATLAS Run 2 OS eu+b-jets 542 +£1.28 | 4.06
ATLAS Run 2 111 +E%liSS WZ) 9.05+£3.35| 2.52
Combination 292 +0.35 | 8.04

Last but not least, we continue to test the Madala hypothesis by looking at direct H
productions into yy and Zy, which has been documented in detail in this thesis. It goes
without saying that this thesis covers years of work efforts towards comprehending the Madala

Hypothesis and therefore concludes what the Madala Hypothesis is at present.

1.4.1 Testing the hypothesis in the diphoton channel

This discovery of the Higgs boson opened up new possibilities for BSM physics. The diphoton
channel is important for BSM physics searches as new high-mass states decaying to two
photons are predicted in many sectors of the extensions of the SM. The Madala hypothesis
discussed in Section 1.4 is one such extension in search for new physics phenomena. As
highlighted in Section 1.3.2 the diphoton final state provides a clean experimental signature,
with a commendable invariant mass resolution, making it an ideal channel for BSM searches.

DM matter makes up approximately 25% of the entire universe, raising some of the biggest
questions in the study of space and physics. Questions such as what is this DM? What is the
source of all the out there in the universe? The presence of dark matter is suggested in several
astrophysical observations through gravitational effects. When adding up all the constituents
of the universe, things just do not add up to give the total gravity that governs our universe.
Knowledge about a DM puzzle dates back to the 1930s and is the longest standing unsolved

problem in modern physics. In an effort to unravel the mysteries of DM, we perform DM
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Figure 1.14: The negative 2 times the logarithm of the profile likelihood ratios for each of the
individual fit results considered in Reference [84], overlaid with that of their combination. The
significance of a result is calculated as the square root of the point which intersects the y-axis
(that is, the SM-only hypothesis where (8 = 0)).

searches at the LHC. The existence of DM particles is undeniably evident in astrophysics
[89], but DM particles produced in SM collisions have a very minute interaction probability.
DM searches at the LHC are therefore driven primarily by E%ﬁss signatures produced with
detectable particles (X +E$i55). This possibility allows us to test the Madala hypothesis by
searching for DM particles in events with E?iss and a Higgs boson decaying to two photons
(h(=7yy) +E%‘iss), which is documented in this thesis. This documentation plays a major role
in the understanding of the Madala hypothesis as well as the direction to take going forward. In

addition, as highlighted, this thesis details direct decay of H into yy where H(— yYy) +E%‘iss.
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The search is extrapolated to the Zy channel and the results of this extrapolation are also
documented. Due to the importance of the E?iss signature in these analyses, the performance
of E?iss reconstruction is also detailed in this documentation. This thesis essentially concludes

what the Madala hypothesis is after several years of work.
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CHAPTER

EXPERIMENTAL APPARATUS

n the scientific method, experimentation is a requisite procedure for supporting or refuting
a hypothesis. In High Energy Physics (HEP), hypotheses are formulated on the basis
of trying to unravel the mysteries of the universe thus paving the way for exploration
through experimentation. Consequently, the apparatus used to drive experiments are of great
importance in the testing of these hypotheses such as our Madala hypothesis. This chapter
provides a laconic introduction to the experimental apparatus used in facilitating this research
and is organized as follows: Section 2.1 provides an overview of the Large Hadron Collider

(LHC) and Section 2.2 gives a description of the A Toroidal LHC ApparatuS (ATLAS) detector.

2.1 The Large Hadron Collider

The LHC is the largest and most powerful particle accelerator and collider in the world. A More
detailed description of the design, construction and overall operation of the LHC can be found
in the References [90-92]. The LHC lies in a 27 km circumference tunnel, approximately 175 m
beneath the France-Switzerland boarder near Geneva at CERN. This marvel was designed back
in the 80’s during the time when the LEP collider was being constructed. After several years
of work on its blueprint, the CERN council approved the building of the LHC in 1994. The

LHC was finally built between 1998 and 2008 in collaboration with scientists and engineers
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Figure 2.1: A diagram of the CERN accelerator complex.

from all over the world. The content of this thesis relates to LHC operations as a proton-proton
collider, however, it is worth mentioning that the LHC can also use beams of ions (Proton-lead

and lead-lead) to study the extreme state of nuclear matter such as quark-gluon plasma.

The LHC ring comprises of two parallel beam pipes which house the beams of particles
travelling in opposite directions around the ring. However, before the beam is injected into
the LHC it is accelerated by several pre-accelerators. Each accelerator boosts the energy of
the beam of particles as it passes through. The proton source is Hydrogen gas whose atoms
are ionized by an applied high frequency electric field. The protons are passed into the linear
accelerator Linac2 which accelerates them up to 50 MeV before feeding them into the Proton
Synchrotron booster (PSB). The PSB boosts the proton beam up to an energy of 1.4 GeV

before passing it into the synchrotron accelerators. The Proton Synchrotron (PS) accelerates
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the beam up to 26 GeV followed by further acceleration up to 450 GeV by the Super Proton
Synchrotron (SPS) before injection into the LHC ring. Figure 2.1 shows an illustration of the
CERN accelerator complex, including the pre-accelerators used to prepare beam for injection
into the 2 beam pipes of the LHC.

The LHC is designed to produce proton-proton (pp) collisions at a centre-of-mass energy
of 14 TeV. The LHC rings consist of accelerating structures and a large magnetic system
surrounding the beam pipes. After filling the LHC ring, each beam of protons is accelerated
to the maximum energy of 7 TeV (energies that will be reached in Run 3 in 2021) and these
beams are kept in a circular trajectory by the magnetic system. Each proton beam circulates
the ring in bunches and under normal working conditions each beam contains 2808 bunches
producing several pp collisions. Collisions commence once the beams are declared stable and
can continue for up to 24 hours, depending on when the luminosity drops to 50%. Luminosity
refers to the number of collisions that can be produced per area per second and is expressed as

follows:

7= Ngnbfrev?’r

4me, B* ’ .

where:

* Ny is the number of particles per bunch,

nyp is the number of bunches per beam,

frev 1s the revolution frequency,

Y- is the relativistic gamma factor,

€, 1s the normalized transverse beam emittance,

* f3* is the beta function at the collision point given by:

B = , (2.2)
where o is the beam size and
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* Fis the geometric luminosity reduction factor which is given by:

F= 1 (2.3)

V1+ G
where 6, is the crossing angle of the beams, o, is the RMS bunch length and o™ is the

RMS transverse beam size at the interaction point.

Such that the observed number of events produced by a phenomena with cross-section is:

N = O'processga 24)

where 0 process describes the probability of two particles interacting.

The LHC operation is divided into Runs which last several years and are separated by long
shutdowns which are essential for maintenance, overhauls and upgrades. The first beam was
circulated through the LHC in September 2008, however, due to a quench incident the rest of
that year and most of 2009 was spent on repairs caused by the predicament. The first official
operational Run, referred to as Run 1, began in November 2009 and was anticipated to progress
till the end of 2012. In 2010 the LHC collected 5.08 fb~! of data at 7 TeV and 21.3 fb~! at 8
TeV in 2012. Run 1 of data taking was a monumental Run as it saw the discovery of the Higgs
boson and in light of such an event, Run 1 ended up advancing into early 2013 to allow for
more data collection. Following this, the LHC shutdown for a 2 year upgrade with the ambition
to achieve higher luminosities. In April 2015, the LHC restarted and Run 2 began allowing
for 6.5 TeV per beam (13 TeV in total), which is the operating energy to date. Luminosities
have increased over the years in this Run, reaching up to 46.9 fb=1 in 2017. Achieving 14 TeV
collisions is the goal for Run 3 with anticipated luminosities of ?.

The pp collisions occur at four main points around the LHC ring and the debris from these
collisions is collected and analyzed as data by four main experiments located at these beam

intersection points. These experiments include:

* A Toroidal LHC ApparatuS (ATLAS) [93].

* Compact Muon Solenoid (CMS) [94].
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Figure 2.2: A cut-away view of the ATLAS detector [93].

* A Large Ion Collider Experiment (ALICE) [95].

* Large Hadron Collider beauty (LHCb) [96].

ATLAS and CMS are the largest experiments at the LHC and are used to investigate a wide
range of physics including searching for the Higgs boson, extra dimensions and particles
that make up dark matter. The goal of the ALICE experiment is to characterize the physical
properties of quark-gluon plasma and that of the LHCb experiment is to record the decay of
particles containing b mesons. The dataset used in this thesis was recorded with the ATLAS

detector which is described in detail in the next section.

2.2 The ATLAS detector

The ATLAS experiment is a particle physics experiment conducted at the LHC in the search for
new physics through head on collisions of high energy protons. The detector itself is located

in its experimental cavern at point 1 of CERN’s Meyrin site. ATLAS is the largest general
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purpose detector in the world, weighing approximately 7000 tonnes and having a cylindrical
geometry covering a length of 44 m and height of 25 m. The existence of such apparatus makes
it possible to study an unprecedented scope of physics which may lead to discoveries that go

beyond the SM thus equipping us with the tools we need to understand the world around us.

The ATLAS detector comprises several coaxially cylindrical layers, where each layer is
a sub-detector. Each sub-detector is sensitive to the different types of particles produced in
the collisions. Figure 2.2 shows a schematic diagram of the ATLAS detector and its different
sub-detector systems. Closest to the interaction point is the Inner Detector (ID) [97-99]
which comprises of the Pixel Detector (PIX), Semiconductor Tracker (SCT) and the Transition
Radiation Tracker (TRT). Surrounding the ID cavity is a thin superconducting solenoid and
the ID itself is immersed in this 2 Tesla solenoid magnetic field. The ID is surrounded by the
calorimeter system [100] which comprises of the Liquid Argon Electromagnetic calorimeter,
Tile Calorimeter, Hadronic EndCap Calorimeter and Forward Calorimeter. Surrounding the
calorimeters is the muon spectrometer (MS) [101, 102] which is made up of muon chambers

operating in a toroidal magnetic field.

ATLAS uses a right-handed coordinate system with the origin at the interaction point (IP)
in the centre of the detector. The z-axis is along the beam pipe, the x-axis points from the IP
to the centre of the LHC ring and the y-axis points upwards towards the earth’s surface as
shown in Figure 2.2. In the transverse plane, cylindrical (r,¢) coordinates are used, where
r is a radial dimension measuring the distance from the beam line and ¢ is the azimuthal
angle around the beam pipe. The polar angle 6 is the angle measured from the beam axis
as illustrated in Figure 2.2 and the pseudorapidity is defined in terms of this angle as n = -
In[tan(6/2)]. The pseudorapidity is used as an angular coordinate in place of 6 and the angular
separation between objects is defined as AR = \/W . Both An and A¢ are invariant
with boost along the z-axis, precisely the nature of of the boost of a pair of colliding partons
at the LHC with respect to the lab frame. The transverse momentum, transverse energy and

missing transverse momentum are all defined in the x-y plane.

The remainder of this chapter discusses the ATLAS detector sub-systems whose functions

form the essence of the research in this thesis.
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Figure 2.3: An illustration of the magnetic system at ATLAS.

2.2.1 Magnetic system

There are two magnetic systems at ATLAS whose sole purpose is to bend charged particles in
the ID and muon spectrometer, respectively [97, 103], to allow two independent measurements
of their momenta if they cross both systems. The first magnetic system is housed between the
ID and EM calorimeter and provides a 2 Tesla solenoidal magnetic field parallel to the beam
axis. The second magnetic system is a toroidal system which provides a magnetic field of up to
4 Tesla and is orthogonal to the muon trajectories. A large barrel toroid magnet provides the
magnetic deflection of muon tracks within 7 < 1.4 and in the 1.6 < n < 2.7 range, the bending
is provided by small endcap magnets. Over the 1.4 < n < 1.6 range, the bending is done by a
combination of these barrel and endcap fields. The magnetic systems are cooled using liquid
helium and operate at a temperature of 4.5 K. Figure 2.3 shows an illustration of the magnetic

field system at ATLAS.

2.2.2 Inner detector

The ID provides precision tracking of charged particles as they navigate the detector. The
system measures the positions of charged particles along their path and within n < 2.5. The
ID is also designed to determine the primary and secondary vertices as well as the impact
parameter of a trajectory w.r.t. a vertex and also facilitate the identification of electrons and

positrons. This detector is immersed in a 2 Tesla magnetic field provided by a solenoid which
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allows the deflection and bending of charged particles, facilitating accurate measurement of
their momenta. Charged particles with transverse momentum below 500 MeV do not reach the
LAr calorimeter therefore pnly those with a momentum above this threshold are reconstructed
in the ID. Usually only tracks with pt > 1 GeV are used in the analyses.

Figure 2.4a illustrates the 3 independent sub-systems that make up the ID. The sub-systems

are discussed in the sub-sections that follow.

2.2.2.1 Silicon pixel detector

The silicon pixel (PIX) detector is closest to the beam pipe and comprises of three concentrically
arranged silicon-pixel layers at various distances from the beam pipe [97-99]. Figure 2.4b
shows the silicon-pixel layers and their distances from the beam axis. The layers are segmented
in r-¢ and z, where the r-¢ plane is defined with r as the transverse radial distance from the
centre of the detector. The PIX detector features 80 million read-out channels and provides on
average three measurements per charged particle and has a position resolution of 10 pym in the
r-¢ plane and 115 pm along z covering || < 2.5.

A new detector referred to as the Insertable B-layer (IBL) was installed during the 2013-
2014 upgrade between the existing pixel detector and a new, smaller radius beam pipe at the
radius of 3.3 cm. The IBL was built to cope with high radiation and occupancy, and is the first
large scale application of 3D sensors and CMOS 130 nm technology. The IBL consists of 14
tilted staves (64 cm long 2 cm wide and tilted in ¢ of 14°) equipped with 32 front-end chips per
stave and sensors facing the beam pipe. The operation of the IBL began in 2015 and has since

improved the ATLAS tracking performance.

2.2.2.2 Semiconductor Tracker

Surrounding the pixel detector is the semiconductor tracker (SCT) [97-99] which is made up
of four silicon micro-strip layers in the barrel region and nine disks in the end-cap region. Each
silicon detector in the SCT barrel has dimensions 6.36 mm X 6.40 mm and consists of 768
read-out strips of width 80 ym. In each barrel layer, one set of strips is aligned parallel to the

beam direction and the other at a small 40 mrad angle to allow measurement of the z position.
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Figure 2.4: (a) An illustration of the ATLAS Inner Detector and its sub-systems and (b) A
cut-away view of the central region barrel of the ATLAS Inner Detector showing the Pixel
layer, SCT and TRT. The distances of concentric layers from the beam axis are drawn to scale

and labelled [104].
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On the other hand, the end-cap SCT disks contain double-layer strips which are aligned with
a small angle as well to allow for the measurement of . The disks use sensors which have
constant azimuthal angle coverage along their length and an average pitch of approximately 80
mm. The SCT sensors cover an area of 61 m? with approximately 6.2 million readout channels.
The SCT provides a position resolution of 16 um in the r-¢ plane and 580 um along z with
a |n| < 2.5 coverage. Figure 2.4b shows the SCT layers and their varying distances from the

beam axis.

2.2.2.3 Transition Radiation Tracker

The Transition Radiation Tracker (TRT) forms the outermost layer of the ID and is the largest
sub-detector in the ID [97-99]. It consists of approximately 280 000 straw drifts tubes which
are 4 mm in diameter and whose centres contain a 31 um anode made out of gold plated
tungsten supported by end-plugs. The tubes are filled with a Xe-based gas mixture which
facilitates the measurement of transition radiation as charged particles traverse through the
TRT. Within the barrel region, the straws are positioned in 73 layers aligned parallel to the
beam direction which then split into two halves at || = 0. Moreover, the endcaps of the TRT
contain 160 layers of long tubes which are positioned radially around the beam axis. The TRT
provides a position resolution with an accuracy of approximately 130 um in ¢ with a coverage
of up to |n| = 2.0. Aside from tracking, the TRT also provides particle identification through the
detection of the transition radiation, which allows the discrimination of electrons from other

charged hadrons.

2.2.3 The Calorimeter System

The calorimeter system is designed to provide a precise measurement of the energy of all
the particles that leave the ID and enter the calorimeters, except for muons and neutrinos
[100]. The calorimeters cover the full pseudorapidity range of |n| < 4.9 and are segmented into
towers in both 1 and ¢, pointing towards the centre of the detector. The fractional calorimeter

resolution as a function of energy is expressed as:
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where:

* N represents the noise due to background and electronics
S refers to the stochastic uncertainty caused by the random sampling nature

¢ ( is the constant term which reflects the non-uniformities in the detector structure

Figure 2.5 shows a schematic view of the ATLAS calorimetric system. The two main
systems that make up to calorimeter are the Electromagnetic Calorimeter (ECAL) and the

Hadronic Calorimeter (HCAL) discussed in the upcoming sub-sections.
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2.2.3.1 Electromagnetic Calorimeter

The Electromagnetic (EM) Calorimeter is a sampling calorimeter [106, 107] surrounding
the ID and solenoid system. It is designed mainly to measure the energy of particles that
interact electromagnetically and is therefore used to distinguish between electrons and photons
alongside the ID. The EM calorimeter is made up of layers of dense absorber material made of
lead as well as an active Liquid-argon (LAr) medium. The lead plates possess an accordion shape
which enables a constant distance between the absorber layers within the detector allowing
uniform ¢ coverage and fast read-out, while avoiding dead zones usually used to extract the
signal. This so-called accordion geometry can be seen in Figure 2.6 which shows a section of
the EM calorimeter. When charged particles interact in this calorimeter, an electromagnetic
shower develops resulting in the build up of numerous charged particles which ionize the argon.
Electrodes which are kept at high voltage are located within the LAr and the dense absorber
material is connected to ground, producing a high intensity electric field within the detector
of about 2000 V/mm Under the influence of this electric field, the ionized argon and electrons
coast towards the electrodes, inducing an electrical signal which is processed by the read-out
electronics. The EM calorimeters cover a pseudorapidity range of |n| < 3.2 with a gap between
1.37 |nl < 1.52 where the barrel components end and the endcap begins ("crack" region). In the
region |n| < 2.4, the EM calorimeter is divided into three sampling layers that are longitudinal
in shower depth and vary in granularity in the n direction. The first layer is referred to as the
strip layer and is segmented with strips along the 7 direction providing high granularity. This
provides discrimination between showers initiated by photons or electrons and those initiated
by isolated neutral hadrons. The middle layer contains projective cells which collect most of
the energy deposited by photon and electron showers and has a fine segmentation in both n and
¢. The rear layer is coarser than the previous and corrects for leakage of high-energy showers

beyond the EM calorimeter.

2.2.3.2 Hadronic Calorimeter

The hadronic calorimeters surround the EM calorimeters and measure the remaining part of the

energy of hadron showers within |n| < 3.2. The hadronic calorimeters are divided into three
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Figure 2.6: A section of the ATLAS electromagnetic calorimeter highlighting the accordion
geometry [105].

parts: Tile Calorimeter (TileCal), LAr Hadronic End-cap Calorimeter (HEC) and LAr Forward
Calorimeter (FCal).

The TileCal [107, 108] is located within || < 1.7 just outside the LAr calorimeters and
consists of plastic scintillator tiles with steel absorbers. This detector extends from an inner
radius of 2.28 m to an outer radius of 4.25 m. The TileCal is made up of a central barrel which
covers |n| < 1.0 as well as two extended barrels, one on either side, covering 0.8 < |n| < 1.7 as
shown in Figure 2.7. These barrels are segmented into 64 wedge-shaped modules arranged in
¢ around the beam line and contain the scintillators, steel absorbers and read-out electronics.
There are wavelength shifting fibres which are attached to the sides of the scintillator plates and
are read-out by photomultiplier tubes (PMT) at the edge of each tile module. When hadrons
pass through the detector they produce a shower of hadrons (jets) which interact with the plastic
scintillators producing light which is guided by the wavelength shifting fibres and read-out
through the PMT tubes.

The energy resolution of the TileCal is given by:

OF _ 50%

E VE

where the first term on the right-hand-side of Equation 2.6 is the stochastic term and the

® 3%, (2.6)
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Figure 2.7: A schematic diagram of the tile calorimeter [105].

second term is the constant term.

The HEC has a coverage of 1.5 < || < 3.2 and uses LAr as an active medium and copper as
a passive absorber material. The HEC comprises of two wheels at each endcap and each wheel
is divided into 32 modules.

The energy resolution of the HEC is given by:

O _ 71%

E VE
The FCal [109] covers up to || = 4.9 and just like the ECal and HEC the active medium in

®1.5%. 2.7

FCal is LAr. The FCal is made up of three layers and the first layer uses copper as the absorber
material whilst the other two use tungsten. The first layer is dedicated to electromagnetic
measurements whilst the other two are devoted to hadronic measurements.

The energy resolution of the FCal is given by:

og _94%

E VE
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2.2.4 Muon Spectrometer

The Muon spectrometer (MS) [102] forms the outermost part of the ATLAS detector covering
the region |n| < 2.7. This detector is designed to measure the position and momenta of muons
that pass through the ID and calorimeters. Three large air-core toroids deflect the muons as
they reach the MS, allowing for accurate measurement of their momenta. Figure 2.8 shows
the different components of the MS. Two main precision chambers are used in the MS: the
monitored drift tubes (MDT) [101] and the cathode strip chambers (CSC) [110]. The MDT
covers most of the range |n| < 2.7 except in between 2.0 < |n| < 2.7 which consists of the CSC.
The MDT chambers consist of eight layers of drift tubes which operate at an absolute pressure
of 3 bars and achieve a position resolution of 80 um per tube and 35 um per chamber. The
MDT drift tubes contain a gaseous mixture of 93% argon and 7% carbon dioxide as well as
a central tungsten-rhenium wire which acts as the anode and collects ionized electrons from
the gas. The CSC is made up of multiwire proportional chambers arranged into two disks each
with eight chambers with orthogonal planar cathodes arranged. They have a higher radiation
tolerance than the MDT and are therefore placed in the forward region to handle higher particle
fluxes. While the calorimeter og/E decreases with energy, the tracking resolution o, /pr is
increasing with pr since the larger the pr, the straighter the tracks. The design resolution of

the MS is given by 10% for a track pt of 1 TeV.

2.2.5 Trigger system

The high luminosity of the LHC results in ~ 103 - 10! interactions per second, most of which
do not carry useful information for physics analyses. In addition, only a small fraction of these
interactions can be recorded due to limitations in data storage and rates. A trigger system is
employed to perform a run-time selection which classifies events and selects only the interesting
ones for physics analyses. The ATLAS trigger system comprises of the hardware-based Level 1
trigger (L1) and events which pass the L1 trigger move on to the High-Level trigger system
(HLT) [111]. The HLT is made up of the Level 2 trigger (L2) and the Event Filter (EF).

The L1 trigger has a maximum acceptance rate of approximately 75 kHz and decisions
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Figure 2.8: A schematic diagram of the Muon system [105].

must reach the front-end electronics within a time period of 2.5 us. This trigger has access to
information from the calorimeters and MS and selects events with high pt objects (muons,
electrons, photons, jets, taus decaying into hadrons and also large transverse missing energies).

The HLT follows the L1 trigger and operates at 1 kHz. The L2 trigger performs measure-
ments with a finer granularity than the L1 trigger and includes information from the ID. The
L2 trigger reduces the event rate to a maximum of approximately 3.5 kHz with an average
processing time of 40 ms. At the L2 trigger the number of steps are performed sequentially,
that is, at each step only the data required to make the decision at that step is acquired and
analyzed. This helps to reduce bandwidth requirements by allowing some events to be rejected
before reading the full event set. The EF does the full reconstruction of the event by applying
reconstruction algorithms using the ATLAS Athena control framework, which is based on
the GAUDI framework [112]. The acceptance event rate is reduced further at this level to
approximately 1 kHz. The events passing this level are written to the main analysis stream and
data is periodically reprocessed. The recorded events are checked for data quality and those
recorded during malfunctions are flagged for removal from the analysis. Figure 2.9 shows the

structure of the ATLAS trigger system.
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Figure 2.9: A diagram showing the structure of the ATLAS trigger system [105].

45






CHAPTER

INVESTIGATING THE RADIATION HARDNESS OF PLASTIC
SCINTILLATORS FOR THE UPGRADE OF THE ATLAS TILE

CALORIMETER

comparative study of the radiation hardness of plastic scintillators is reported here.

This study was done in an effort to replace the gap scintillators as well as the

minimum bias trigger scintillators (MBTS) with more radiation hard ones during the
upgrade of the TileCal of the ATLAS detector. In the detector, plastic scintillators are exposed
to a harsh radiation environment, and are therefore susceptible to radiation damage. The highest
dose currently expected within the TileCal over the next several years is approximately 10 kGy.
The influence of radiation on the light transmittance of various types of plastic scintillators was
investigated. Plastic scintillators display high optical transmittance, an essential property for
the effective functioning of TileCal. The samples were irradiated using a 6 MeV proton beam
at various doses and the transmission spectra corresponding to the irradiated and unirradiated
samples were obtained and analyzed. It is worth mentioning that this work has been cited
by individuals from the Institute of Physics and Engineering in Medicine (IPEM) [113] in
the United Kingdom, CMS [114], the International Thermonuclear Experimental Reactor
(ITER) [115] in France, the University of Surrey also in the United Kingdom [116] and

individuals affiliated to various intitutes in Istanbul, Turkey [117].
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Sections 3.1 gives an introduction to the overall experiment. Section 3.2 gives a description
of the scintillation mechanism. The methods used are discussed in Section 3.3 and the experi-
mental procedure is summarized in Section 3.4. The results are documented in Section 3.5 and

summarized in Section 3.6.

3.1 Introduction

Plastic scintillators exhibit the property of luminescence when excited by ionizing radiation.
This, paired with their high optical transmission property makes them suitable for use within
large particle detectors, such as ATLAS. The plastic scintillators of interest are the gap scin-
tillators and the MBTS located within the Tile Calorimeter of the ATLAS detector, which is
situated within the hadronic calorimeter discussed in detail in Section 2.2.3.2 of this document.

Gap scintillators are located in the region between the central and extended Tile barrels
which were also discussed in Section 2.2.3.2. They cover the 1.0 <7 < 1.2 region. The gap
houses services to the ID systems, read-out electronic crates and the LAr cryostat flange, which
result in "dead material" , where reconstructed energy signals may be lost. The additional
plastic scintillator plates in this region correct for the energy loss. The scintillators are coupled
to fibres which lead to the PMT’s and the signals are read-out using the electronics used in the
Tile barrels.

The MBTS are located within the gap and are mounted on the inner face plate of the
electromagnetic endcap calorimeters as illustrated in Figure 3.1. They are situated at a smaller
radius from the beam pipe and cover the 2.08 <1 < 3.75 region. These scintillators form part
of the first level hardware trigger system and provide a trigger signal for events with potential
physics of interest.

With the anticipated increase in beam energy, one would expect that the amount of radiation
that the scintillator tiles are exposed to would also increase. As a result of this, the implementa-
tion of more radiation hard plastic scintillators is paramount in the upcoming upgrade of the

Tile Calorimeter.

The plastic scintillators under scrutiny are EJ-200, EJ-208 and EJ-260, which were provided
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Figure 3.1: The location of the MBTS within the ATLAS detector.

to us by ELJEN technologies and are renowned for their commendable properties. These are
polyvinyl toluene (PVT) based polymers which are scintillators that are doped with a certain
amount of organic fluors. An additional PVT based scintillator and two polystyrene (PS) based
scintillators were also investigated, namely, Bicron, Dubna and Protvino, respectively. In an
effort to mimic the environment within the Tile Calorimeter, the different plastic scintillators
are exposed to various radiation doses. The samples are then analyzed and the scintillator
whose light transmittance is least affected by the radiation damage is considered as a potential

suitable brand for the upgrade.

3.2 The Scintillation Mechanism

Plastic scintillators are described as materials that exhibit scintillation when excited by ionizing
radiation. When scintillators are struck by incoming particles they absorb the energy and
re-emit the absorbed energy in the form of light. The light that is created by the scintillators
is proportional to the energy deposited by the incoming particles. There are many types of

scintillators, ranging from organic to inorganic, and solids to liquids. The PVT based polymers
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Figure 3.2: Schematic diagram of the 7-bond overlap.

under investigation in this study are organic solid scintillators. PVT is a synthetic polymer
which can be doped with anthracene to produce a plastic scintillator [118]. Anthracene is an
organic semi-conductor which is a solid polycyclic aromatic hydrocarbon consisting of fixed
benzene rings [119]. However, it is not known exactly what dopants are used on the plastic
scintillators under scrutiny. The fast response and low cost production of organic scintillators
such as the PVT based makes them a rational choice for use in large detectors. Such organic
scintillators are made up of long chain vinyl toluene molecules. The Vinyl toluene is produced
using ethyl benzene via a zinc-oxide catalyzed dehydrogenation reaction, and then polymerized
to polyvinyl toluene [119]. Toluene is a benzene ring which is bonded to a methyl (CHs) and a
vinyl group (CHg-CH-) [119]. On the other hand, polystyrene is a chain hydrocarbon chain

with alternating carbon centers attached to phenyl groups, also a derivative of benzene.

The benzene ring is a common feature in plastic scintillators and is characterized by the
delocalization of 3 m-bonds [120]. The chemical bonds that are present in a benzene ring
include o-bonds which are in the plane and 7-bonds which are out of the plane and overlap.
The n-bonds are responsible for the cloud of electrons above and below the molecular plane
and these 7 electrons are completely delocalized. Figure 3.2 shows the overlap of the 7-bonds
which give rise to the delocalized electrons. It is these delocalized electrons that are prone to
excitation by radiation, an essential integrant in the scintillation process. In actual fact, it is the

de-excitation of these delocalized 7 electrons which results in luminescence. Figure 3.3 shows

50



3.2. THE SCINTILLATION MECHANISM

lonization

Absorption

1
T
t
I
1
1

So Soo

Figure 3.3: The electronic energy levels of an organic molecule.

the m-electronic energy levels of an organic molecule. In Figure 3.3, S represents the ground
state, S1, S92, and S represent the excited singlet states and 71, T2 and T's represent the excited
triplet states. Soo, So1, S10, and so on are all vibrational sub-levels. When particles strike the
surface of the scintillator, the radiation is absorbed and results in a molecular excitation to the
S state. This is almost instantaneously followed by de-excitation back to the ground state (Sy),
which is referred to as fluorescence. As shown in Figure 3.3, the fluorescence emission spectrum
is roughly a "mirror image" of the absorption spectrum. The absorbed energy can also be emitted
through two other processes: Phosphorescence and delayed fluorescence. Phosphorescence
emits at longer wavelengths with exponential decay, whilst delayed fluorescence has the same

spectrum as fluorescence but has no exponential decay and has a longer decay period.

It is worth mentioning that plastic scintillator bases have a very low fluorescent yield.

They are not very transparent to their own scintillation light. This attribute elicits the need to
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Figure 3.4: Schematic diagram of the scintillation ‘ladder’ depicting the operating mechanism
of plastic scintillator.

incorporate additional fluors to the base in order to obtain a realistic and useful scintillator.
Useful plastic scintillators are usually doped with organic fluors. These fluors are compounds,
which absorb the base scintillation and re-emit it at longer wavelengths, which can be read-
out by the PMTs. The schematic diagram in Figure 3.4 illustrates the different fluors under
discussion. The plastic scintillator base absorbs energy from the incoming particles and emits it
in the form of Ultraviolet (UV) radiation. The plastic scintillators are doped with a primary
fluor which converts this UV radiation into visible light which is easier to propagate. For PS
and PVT based scintillators, a primary fluor with a high quantum yield is added such that the
absorption band overlaps the emission spectrum of the base [121]. Typical wavelength outputs
are 340-360 nm, which is below that which can be read by the PMTs. A second fluor which
further absorbs this visible light and emits it at even longer wavelengths, (typically in the blue)
in order to allow this light to propagate to the edge of the scintillator with reasonably low
loss of intensity due to attenuation. Typical output peaks are 400-410 nm as illustrated in the
scintillation ‘ladder’ in Figure 3.4. Taking everything into account, the fluors are there to ensure
that the wavelength of light leaving the scintillator is suitable for detection by the optical fibres
which lead to the PMT tubes.
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3.3 Methods

3.3.1 Radiation environment modelling

Inside the TileCal, the incoming particle showers carry high energy and interact with the plastic
scintillators by imparting this energy through ionization. This ionization process is essential
in understanding the damage mechanism within the target. In order to obtain useful results, a
method to model the radiation environment prior to the actual radiation process is necessary.
This modelling is done using a program called SRIM which stands for Stopping and Range of
Ions in Matter. The SRIM program comprises of two parts: Stopping/Range tables and TRIM
calculations, where TRIM stands for the Transport of Ions in Matter. The SRIM program takes
into account the screened coulomb collisions between ions and target atoms. In addition, it also
considers the exchange and correlation interactions between the overlapping electron shells.
As aresult of all this, SRIM gives detailed information about the interactions of the ions with
the target atoms thus yielding meticulous predictions about the interactions that one ought to
expect.

During the ionization process, the ions propagate straight through the material without
stopping, hence the need to ensure that the beam of ions that will be used during radiation also
pass straight through the scintillators without stopping. SRIM simulations were done to find
the stopping range of 6 MeV protons as well as their energy deposited within the scintillator
material. As shown in Figure 3.5, SRIM simulation results reflected that a 6 MeV proton beam
would stop at a distance of 474.17 um. This meant that the prepared samples would have to be
< 474.17 pm thick. We decided to prepare 350 um thick samples.

The TRIM software is used to establish collisions between the ions and target atoms and thus
gives information about the energy lost by the protons during ionization. From the simulations,
the average energy of the transmitted protons through a 350 um thick PVT target was found to

be approximately 2.8 MeV, which implies that the energy lost by the 6 MeV protons is given
by:

6 MeV- 2.8 MeV =3.2 MeV (3.1)
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SRIM version —> SRIM-2013.00
Calc. date -—> August 10, 2014

Disk File Name = SRIM Outputs\Hydrogen in Polyvinyltoluene (ICRU-570) 1. txt
lon = Hydrogen [1] . Mass = 1.008 amu

Target Density = 1.0230E+00 g/cm3 = 9.8606E+22 atoms/cm3
======= Target Composition ========
Atom Atom Atomic Mass
Name MNumb Percent Percent
H 1 05238 00845
C 6 04762 09155

m

Bragg Correction = 0.00%
Stopping Units = MeV / (mg/cm2)
See bottom of Table for other Stopping units

lon dE/dx dE/dx Projected Longitudinal Lateral
Energy Elec. Nuclear Range Straggling Straggling

0 MeV 1.068E-01 6 575E-05 184 54 um 7.39 um 501 um
5 MeV 1.012E-01 6.183E-05 208.00 um 8.16um 561 um
0 MeV 9.624E-02 5836E-05 232.72um 895um 624 um

0 MeV 8.070E-02 4 780E-05 34383 um 1451 um 9.05 um

50 MeV 7. 482E-02 4 388E-05 40664 um 1715 um 10.63 um

6.980E-02 4 059E-05 474.17 um

50 MeV 6.547E-02 3.777E-05 546.36 um 2243 um 1412 um

.00 MeV 6.169E-02 3.533E-05 623.16 um 2509 um 16.03 um

A R39F-N2 3 133F-NA 7aN 1A um 3 7R um 20 1A um S

Close

5
7
0
50 MeV 8.772E-02 5253E-05 28583 um 11.81um 7.59um
0
5
0

Figure 3.5: SRIM output interface showing the stopping range of protons in PVT based
scintillator.

From this, one is able to plan the beam time and beam currents needed to achieve the

anticipated radiation doses using the following relation:

_ Np ><Elost
-

m

R (3.2)

where:

* N, is the number of protons impinging the sample,
* E;,s 1s the energy lost by protons (eV),

* m is the mass of the irradiated sample (kg),

such that:

N, = , 3.3)
where:
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* i is the beam current (A),
e tis the beam time or irradiation time (s),

* g is the proton charge (eV),

3.3.2 Sample preparation

Sample preparation is a crucial part of scientific research, that is, the accuracy at which samples
are prepared for experimentation procedures affects the outcome of the research. Consequently,
the sample preparation is a very delicate process and ought to be carried out carefully especially
in the case of the very thin plastic scintillators samples. The sample preparation process was
carried out at the ‘Materials Preparation Lab’ of the Physics building at the University of the
Witwatersrand. The ‘Metallographic Technique’ was employed for this process, a technique
which comprises of book-keeping, sectioning and cutting, mounting, rough polishing, final
polishing and hardness testing.

During the book-keeping, one has to document the initial specimen condition in order
to maintain quality control. Initially, the plastic scintillator samples were of dimensions of
approximately 200 mm x 25 mm x 10 mm in length, width and thickness, respectively.
After documentating the initial dimensions, the samples need to be sectioned and cut into
the dimensions of interest. The target dimensions are S mm x 5 mm x 0.35 mm in length,
width and thickness, respectively. A Buehler Isomet low speed cut off machine was used to
cut the samples to the dimensions of interest. The machine uses a diamond coated blade with
cutting fluid and uses relatively low speeds of between 0-300 rpm. The speed can be adjusted
accordingly depending on the samples being cut. Higher speeds can be used for larger samples
while lower speeds can be used for smaller ones as they are more fragile. Also, a force can be
applied to the blade depending again on the sample sizes. All the loads available were used
when cutting the larger samples, whilst a few loads were applied when cutting the smaller ones.
The samples were cut into an area of 5 mm x 5 mm and thicknesses ranging between 0.4-0.7
mm. These samples were then prepared for polishing in order to attain the thickness of interest.

Figure 3.6a shows the initial cutting of the EJ 260 sample.
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Figure 3.6: (a) An image of the actual sample cutting process using the Buehler Isomet low

speed cut off machine. (b) An image of the actual sample polishing process using the Struers
Metallographic Polishing Machine.

For the purpose of polishing, Figure 3.6b illustrates the polishing process, which required
the samples to be mounted onto aluminum holders in order to be polished down. They were
subjected to medium polishing as well as final polishing. During the medium polishing, the
samples were polished using a 6 um diamond suspension on Struers MD-Dac polishing cloth
(acetate cloth) at a speed of 120 rpm in 5 minute intervals. The final polishing was done using a
1 um diamond suspension on Struers MD-Nap cloth (synthetic cloth) at a speed of 150 rpm
again in 5 minute intervals. After polishing, the sample thicknesses were measured using a
micrometer screw gauge and were found to range between 300 um and 380 um. In order to
ensure accurate beam time planning, simulations were also done for these various samples. The

final samples after the preparation process are shown in Figure 3.7.
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Figure 3.7: An image of EJ 200 scintillator after the cutting and polishing process and being
mounted onto the sample holder.

3.4 Experimental procedure

3.4.1 Radiation process

The plastic scintillators were exposed to radiation using a Tandem accelerator situated at
iThemba LABS Gauteng. Figure 3.8 shows a schematic diagram of the tandem accelerator. The
tandem accelerator is a 2-stage accelerator which is run using a generator that acts as a high
voltage source. For the first part of the accelerator, the ion source at the terminal produces a
beam of positively charged ions which is accelerated to a low energy by the high voltage supply.
The beam then passes through a region containing a gas at low pressure where some of the
protons are converted to negative hydrogen ions by addition of two electrons. As the mixture of
charged particles passes through the magnetic field, the positively charged ones are defected
away and the negatively charged ones are deflected into the accelerator tube. The beam of
negative ions are accelerated to 3 MeV towards a positive high voltage terminal. Within the
terminal, the particles pass through thin carbon foil that strips off two electrons thus converting
many of the negative ions back into positive particles. The protons are repelled by the terminal
and further accelerated to an additional 3 MeV through the second part of the tube. At the
output end of the accelerator, the protons are magnetically separated from other particles in the
beam through the extraction line and the extracted beam is then directed to the target of interest

using quadrupole magnets.
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Figure 3.8: A schematic diagram of the tandem accelerator of iThemba LABS Gauteng.

The samples were mounted onto holders and then carefully placed inside a carousel located
inside a microprobe chamber which was then mechanically lowered into a nitrogen vacuum
chamber. They were irradiated using a 6 MeV proton beam at a high dose of 80 MGy, an
intermediate dose of 25 MGy, a medium dose of 8 MGy and a low dose of 0.8 MGy. Table 3.4.1
summarizes the log of the radiation dates, beam currents, beam times and radiation doses for
the PVT scintillators provided by ELJEN technologies. Figure 3.9 shows the EJ 260 sample

after the irradiation process.

3.4.2 Transmission spectroscopy

After irradiation the samples were subject to transmission spectroscopy. Light transmittance
data corresponding to the PVT based plastic scintillators was collected. The data was collected
using the Varian Cary 500 spectrophotometer which is also available within the physics building
of the University of the Witwatersrand. Figure 3.10 shows an image of the spectrophotometer

using in this analysis. A detailed diagram of the internal components of the Varian Cary 500
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Table 3.1: Table showing a log of the radiation dates, beam currents, beam times and radiation
doses for the various PVT based scintillators.

Radiation date | Sample | Number | Thickness | Energy lost (MeV) | Current (nA) | Time (min) | Dose (MGy)
17/08/14 EJ 200 13 365 3.4 13-16 35 85.58
EJ 208 11 320 2.83 16-18 30 80.78
28/08/14 EJ 260 13 360 3.33 10-12 45 82
18/09/14 EJ 208 12 300 2.71 1.2-14 45 8.8
19/09/14 EJ 260 15 360 3.33 2.2 23 8.5
EJ 200 11 340 3.07 1.3 39 8.3
29/09/14 EJ 260 18 330 2.95 0.45-0.55 11 0.88
30/09/14 EJ 200 14 385 3.68 0.4 12 0.831
EJ 208 13 300 2.71 0.45-0.50 12 0.858
06/10/14 EJ 208 15 350 32 2.5 60 24.8
EJ 200 16 330 2.95 35 45 254
07/10/14 EJ 260 19 350 32 3 52 25.8

Figure 3.9: An image of EJ 260 after irradiation using a high dose.

spectrophotometer can be seen in Appendix A.

The Varian Cary 500 is a dual beam spectrometer, which has a very stable internal light
source. It uses a tungsten lamp and deuterium lamp to probe both the visible light and ultra-
violet light spectrum, respectively. Prior to the transmission process, the machine is turned
on to warm up for approximately 30 minutes in order to allow the internal components and
the thermoelectrically cooled Pbs detector to achieve thermal equilibrium. In addition, the
spectrometer was calibrated prior to taking the transmission measurements. The Varian Cary
contains two ports available for the transmission measurements. Sample holders specific to the
machine as well as unique to our PVT based scintillators were manufactured for us within the
physics building for this process. Both holders were placed into the sample port and reference

port respectively in the absence of the samples being measured. A baseline as well as zeroing
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Figure 3.10: A photograph of the Varian Cary 500 spectrophotometer.

calibration were performed on the machine prior to each days testing.

3.5 Results and analysis

Following data collection, distributions of percentage transmission against the wavelength
of light were plotted. This was done in order to observe the effects of radiation on the light
transmission of plastic scintillators. Data corresponding to % light transmission at various
wavelengths, between 300 nm and 800 nm was collected and analyzed.

Figure 3.11 shows the % light transmission versus the wavelength for the unirradiated
EJ 200, EJ 208 and EJ 260. From the literature [122], it is mentioned that PVT scintillators
typically absorb radiation in the UV region hence why one can see a decline in transmission
around 400 nm in the distributions. For the EJ 260, there is an absorption dip between 370
nm and 470 nm, which is accounted to the base being doped with fluors that absorb light in
that region. From reading off the data for the % transmission of each sample at approximately

480 nm, it is observed that EJ 200 possesses 85.7% transmission, EJ 208 possesses 83.2%
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Figure 3.11: The % Transmission versus Wavelength distribution for the unirradiated EJ 200,
EJ 208 and EJ 260 samples.

transmission and EJ 260 possesses 80.8% transmission. From this distribution it is clear that EJ

200 possesses the highest light transmission properties prior to radiation exposure.

According to [122], exposing PVT based polymers to a significant amount of radiation
results in the breaking of their chemical bonds, which affects their properties. Free radicals
are formed at the breaking points of the carbon and hydrogen bonds, resulting in hydrogen
degassing, which in turn results in a carbon enriched sample. The formation of free radicals is
bound to affect the scintillating mechanism of the plastic scintillators as they tend to absorb

fluorescent light thus limiting their light yield capacity.

The transmission data for all the samples was collected one day after they were exposed
to radiation. Distributions of % light transmission against the wavelength for each scintillator
grade at various doses were also considered. Figures 3.12, 3.13 and 3.14 show the distributions
corresponding to the EJ 200, EJ 208 and EJ 260, respectively, at various doses: 80 MGy, 25
MGy, 8 MGy and 0.8 MGy. For each distribution, the irradiated samples are compared to their

unirradiated. From the Figures one can observe that the irradiated samples form absorption
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Figure 3.12: The % Transmission versus Wavelength distribution for EJ 200 for different doses.

centres which tend to shift to longer wavelengths as the dose is increased. The PVT and PS
based plastic scintillators typically emit light in the blue end of the spectrum, approximately
between 400-495 nm, hence why calculations to compare transmission decrease was done
within that range of wavelengths.

Calculations to compare transmission decrease were done at a wavelength of 420 nm, the

wavelength that is read out by the optical fibres of the TileCal, using the following relation:

% transmission loss = % transmission of unirradiated - % transmission of irradiated. (3.4)

The % transmission loss results are summarized in Table 3.2 and loss calculations were
done at a wavelength of 420 nm, within the read-out range. Transmission data corresponding to
the Protvino, Dubna and Bicron samples was previously collected by my colleague and was
used to compare. It is observed that the PS based plastic scintillators, that is, Protvino and
Dubna undergo a high decrease in transmission for most of the doses. The exception being

Protvino, which has a low decrease in transmission for the intermediate (25 MGy) and low
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Figure 3.13: The % Transmission versus Wavelength distribution for EJ 208 for different
doses [19].

Table 3.2: Table showing the % transmission loss for all samples at a wavelength of 420 nm,
considering all the different doses: 80 MGy, 25 MGy, 8 MGy and 0.8 MGy [19].

Sample | Dose (MGYy) | % Trans. loss | Sample | Dose (MGYy) | % Trans. loss
EJ 200 80 42.9 Protvino 80 60.8
25 28.6 25 34.8
8 14 8 7.4
0.8 39 0.8 33
EJ 208 80 29.1 Dubna 80 51.3
25 14.9 25 35.1
8 4.7 8 26.6
0.8 2.5 0.8 55
EJ 260 80 44.8 Bicron 80 45.5
25 15.5 25 39.5
8 14.3 8 11.5
0.8 6.6 0.8 8.7

doses (0.8 MGy). The Protvino type was manufactured for TileCal so a better replacement

would be ideal. The PVT based scintillators provided by ELJEN technologies show overall
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Figure 3.14: The % Transmission versus Wavelength distribution for EJ 260 for different doses.

reasonable amount of decline in percentage transmission for all the doses in comparison to all
the other grades. In fact, for the high dose (80 MGy), intermediate dose (25 MGy) and low
dose (0.8 MQGy), EJ 260 has the highest decrease in % transmission. EJ 200 has the highest
decrease in the intermediate dose case (25 MGy) while EJ 260 shows the highest decrease
in transmission for all four doses. Among the ELJENSs, EJ 208 and EJ 200 are more suitable
replacement candidates since they show the least amount of decrease in transmission for the
lowest dose which is closer to that of the detector environment. However, other additional
experiments are performed in order to isolate the most suitable candidate among these two.
In an effort to evaluate recovery or annealing after the radiation process, graphs of %
transmission versus wavelength for each grade for transmission taken on different days were
also compared. Figures 3.15, 3.16 and 3.17 show the % transmission versus wavelength
distributions for EJ 200, EJ 208 and EJ 260, respectively, corresponding to the intermediate
dose (25 MGy) on different days. From the distributions, it is observed that on the day of
irradiation the absorption centre had shifted away from the unirradiated to approximately

between 400 nm and 500 nm. Two or 3 days after irradiation, the absorption dip shifted more
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Figure 3.15: The % Transmission versus Wavelength distribution for EJ 200 corresponding to
the intermediate dose (25 MGy) on different days.

towards lower wavelengths towards the unirradiated graph. After one week, again there was a
slight shift in the absorption dip, towards the unirradiated distribution. This is a clear indication
of the annealing process undergone by the samples. In fact, the yellowing that was observed
on the samples after irradiation began to fade after even just a day after irradiation. Table 3.3
shows the difference in % transmission between two different days that transmission data was
taken at a wavelength of 480 nm. This is shown for all the EJ 200, EJ 208 and EJ 260 for only
two specific doses: 25 MGy and 8 MGy. For the higher dose EJ 208 showed the most amount
of healing as a large difference in transmission is seen. For the smaller dose, EJ 200 reflected

the most amount of healing in comparison to the others.

3.6 Conclusions

Plastic scintillators generally possess commendable properties, however, their vulnerability

when exposed to high doses of radiation is a major issue. All types of scintillators are affected
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Figure 3.16: The % Transmission versus Wavelength distribution for EJ 208 corresponding to
the intermediate dose (25 MGy) on different days [19].

Table 3.3: Table showing the % transmission difference for different days over two doses:
intermediate dose (25 MGy) and medium dose (8§ MGy) [19].

Sample | Dose (MGYy) | % Trans. diff. (Day1 - 1 Week)
EJ 200 25 30.38
EJ 208 25 37.06
EJ 260 25 6.45
% Trans. diff. (Day 1 - 4 Weeks)
EJ 200 8 15.05
EJ 208 8 5.92
EJ 260 8 2.22

by radiation exposure. Studies show that when polymer based scintillators are exposed to high
radiation doses, their chemical bonds are broken and their polymer properties are changed. At
the breaking points of the hydrogen and carbon bonds, free radicals are formed resulting in
hydrogen degassing which leaves a carbon enriched material. This formation of free radicals
affects the scintillating mechanism of the plastic scintillators.

The transmission results obtained in the present study reflect that indeed an increase in
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Figure 3.17: The % Transmission versus Wavelength distribution for EJ 260 corresponding to
the intermediate dose (25 MGy) on different days.

radiation results in a decline in light transmission for all of the various grades of plastic
scintillators considered. This behaviour could also be associated to the dopants absorbing the
base scintillation rather than emitting it. When comparing the transmission spectra of each dose
with its unirradiated in the wavelength range that is read out by the optical fibres of the ATLAS
detector, we found that the PVT based scintillators provided by ELJEN technologies showed

the least amount of decline in percentage transmission in comparison to the other brands.

Data corresponding to the Protvino, Dubna and Bicron samples was collected and compared.
It was observed that the PS based plastic scintillators (Protvino and Dubna) undergo a high
decrease in transmission for most of the doses. Even though Protvino showed a low decrease in
transmission for the intermediate (25 MGy) and low doses (0.8 MGy), it was not as low as the
case of EJ 208. It was observed that EJ 208 showed the least amount of decline in percentage
transmission for most of the doses. By contrast, EJ 260 showed the highest amount of decline

in percentage transmission in comparison to the other two ELJEN brands.

To add on, the annealing of a sample after irradiation plays an important role in establishing
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whether a material is radiation hard or not. From the transmission data collected on different
days, it was observed that the plastic scintillators do indeed undergo some healing after radiation.
From comparing the annealing associated with both doses, it was found that EJ 208 and EJ
200 both experienced a substantial amount of annealing in comparison to EJ 260. Also, it
was also noted that for all the ELJEN grades, the most amount of healing occurred within
the first few days after irradiation in comparison to weeks later. Moreover, from these results
and observations, it is clear that even though EJ 200 showed the best transmission properties
at the start, after irradiation, EJ 208 possessed the better transmission properties, with EJ
200 following. This is supported by the fact that these samples showed the least amount of
decrease in percentage light transmission for most the doses. The general conclusion would
be that among the PVT based scintillators provided by ELJEN technologies the EJ 200 and
EJ 208 are generally more radiation hard than the EJ 260, with EJ 200 showing the most
amount of annealing in comparison to the others. All the scintillators maintained their structural
properties, the damage could therefore be correlated to a bleaching related effect of the fluors.
The bleaching could be as a result of oxygen reacting with the free radicals which are formed
during the breaking of the atomic bonds.

Light yield studies were also later conducted [20] to further aid in the recommendation of
the best plastic scintillator grade to use during the upgrade of the Tile Calorimeter of ATLAS.
Since it also remains fairly transparent to its light output as well at a dose of 0.8 MGy, it is
rendered the most suitable candidate to use for the upgrade. Since the highest dose currently
expected within the TileCal over the next several years is approximately 10 kGy, EJ 200 may
be considered a potential candidate for replacement of the gap and MBTS scintillators in

2019-2020 since it shows the most amount of annealing at 0.8 MGy.
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CHAPTER

OBJECT RECONSTRUCTION AT ATLAS

he accurate reconstruction of physics objects in the ATLAS detector is crucial for

physics analyses. The search for a Higgs boson decaying to two photons in association

with missing transverse energy requires the precise reconstruction and identification
of photons, jets, electrons, muons and missing transverse energy. This chapter describes the
reconstruction of particle tracks, vertices and particle energies from the signals of these objects
in the ATLAS detector described in the previous chapter.

Sections 4.1 and 4.2 highlight the reconstruction of charged particle tracks and vertices.
Sections 4.3, 4.6, 4.4 and 4.5 detail the reconstruction, identification and isolation of
photons, electrons, muons and jets respectively. Section 4.7 gives a brief introduction to
missing transverse energy which is discussed in detail in a separate chapter as it forms a

predominant aspect of the research documented in this thesis.

4.1 Track reconstruction

The precise track reconstruction is critical for physics analyses at ATLAS. From a reconstructed
track, one can determine the origin, direction and momentum of a particle. As charged particles
traverse the detector they deposit energy along their path, leaving signals in various sensors.

Figure 4.1 shows the trajectories of various hard objects as they move through the detector.
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Figure 4.1: A segment along the transverse plane showing the trajectories of the various hard
objects as they traverse the detector.

The collection of these sensor measurements are referred to as "hits" and track reconstruction

associates these hits to individual particles and maps out their trajectories.

At ATLAS, tracks are reconstructed in the ID using a sequence of algorithms. Details
of these can be found in Reference [123]. The first stage of tracking operates an inside-out
tracking algorithm, which begins with seeds in the silicon detector and performs a first track
reconstruction, which is extended to the TRT [124]. Seeds are produced from three-dimensional
space points corresponding to the locations of the hits and provide sufficient directional
information to predict regions with further hits corresponding to a particular track. A track
fitting Kalman filter algorithm [125] beginning from the seeds is done each time hits are added
to tracks. The tracks reconstructed by this algorithm are required to have pt > 400 MeV and

after a sequence of quality selections, the selected tracks are then extended into the TRT.

In the second stage the track search begins from the segments reconstructed in the TRT
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track

Figure 4.2: An illustration of the perigee parameters of a track in the x —y plane (left) and r —z
plane (right), as described in the global ATLAS tracking frame.

and extends inwards by adding silicon hits. This is referred to as the outside-in sequence or
back-tracking. This is designed to reconstruct secondary charged particles which are produced
in the interactions of primary ones as well as take into account all the hits that were not selected
by the previous sequence. When further hits are found the tracks are then refined using the

same Kalman filter algorithm.

A track is parametrized using 5 perigee parameters as shown in Figure 4.2:

%: the particle charge divided by its momentum

¢o: the angle with the x-axis in the x — y plane at the perigee point (azimuthal angle)

0o: the angle with the z-axis in the r — z plane (polar angle)

do: the track impact parameter in the transverse plane. The signed distance to the z-axis

zo: the track impact parameter in the longitudinal plane. The z-coordinate of the track at

the point of closest approach to the global z-axis
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Figure 4.3: An illustration of reconstructed vertices at ATLAS.

4.2 Vertex reconstruction

After the tracks are established, the vertices from which they emanate are then reconstructed.
A Primary Vertex (PV) is a pp collision point from which most of the reconstructed tracks
originate. PVs are reconstructed from a combination of tracks using an adaptive vertex fitting
algorithm [126] which comprises of two steps: A PV finding algorithm and a vertex fitting
algorithm. The PV finding algorithm associates reconstructed tracks to the vertices and the
latter estimates the vertex position and corresponding uncertainties.

Vertex seeds are obtained from the z-position of the beamline of the reconstructed tracks
and an iterative y2 fit is made using the seed and nearby tracks. Tracks that are displaced by
more than 70 from the vertex are used to seed a new vertex and the process is repeated until
there are no longer any vertices. During vertex reconstruction, the vertices are required to have
at least 2 tracks with pt > 400 MeV associated with them in order to enhance the resolution of
the vertex spatial position.

However, the presence of pile-up increases the number reconstructed vertices in the event.
This is due to the fact that the high pile-up environment enhances the number of fake tracks

thus increasing the probability of reconstructing a fake vertex. To deal with this predicament
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the vertex with the highest sum of the squared track p is considered to correspond to the
hardest pp interaction. This is defined as the main vertex or primary vertex [127] and the rest of
the PVs are assumed to be as a result of pile-up interactions. In addition, the vertices which are
inharmonious with the beam collision region are considered to be secondary PVs. Figure 4.3
shows an illustration of reconstructed vertices at ATLAS. It is worth mentioning that a different
method of identifying the PV is employed in the 2 — yy analysis described in Chapter 5 of this
thesis. This method is used to identify the exact location of the diphoton vertex and is employed
in an effort to achieve a precise measurement of the diphoton invariant mass, myy, as well as a

precise computation of track-based quantities.

4.3 Photon reconstruction

Photons form the basis of the main analysis in this documentation and will therefore be
discussed in detail. When a photon is produced at an interaction point it first passes through
the tracker then enters the EM calorimeter and loses all its energy through EM showering
which can be spread over a wide range. The photon can exhibit two different behaviours:
remain unconverted and traverse through the tracker without interacting or convert into an
electron-positron pair before entering the EM calorimeter. As a result, in order to ensure the
inclusion of all the energy deposits, photons are reconstructed by clustering the energy deposits

in the EM calorimeter and using track information to match the clusters accordingly.

Photon candidates are reconstructed from the clusters of energy deposits in the EM calorime-
ter and are required to have E1 > 2.5 GeV [128, 129]. The reconstruction of photons starts
with the search for energy clusters in the calorimeters. The calorimeter is divided into a grid
of towers each sized An x A¢ = 0.075x0.025 and the total tower energy is equivalent to the
sum of energy deposits from all the layers of the calorimeter. A sliding window algorithm
of size n x ¢ = 3x5 towers selects the cluster seeds with a total E1 > 2.5 GeV or more. An
additional duplicate removal algorithm is employed whereby several cluster seeds within any
2x2 tower region are selected and only the one with the largest transverse energy is selected.

The information from tracks is then used to classify the cluster seeds as either electrons or
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photons in order to construct the appropriate type of cluster. The reconstruction algorithm
looks for matches between energy clusters and tracks that are reconstructed in the ID and
extrapolated to the calorimeter. Clusters without matching tracks are classified as unconverted
photon candidates and those matched to pairs of tracks consistent with a y — e*e™ conversion
process are known as converted photon candidates. Due to the uncertainty that comes with
discriminating between electron and photon signatures, clusters may be reconstructed with
both in consideration in order to maximize the reconstruction efficiency for both candidates. In
fact, clusters matched to single tracks without hits in the pixel layer active region closest to
the beam pipe are considered both as converted photons as well as electrons. The efficiency
to correctly reconstruct photons from these clusters and tracks is 96% with the remaining 4%
corresponding to those that are incorrectly reconstructed as electrons. Generally, the energy
measurement is done by summing all the deposits in the EM calorimeter cells corresponding
to the candidate clusters. This energy has to be corrected for energy losses, energy deposits
outside the cluster area as well as the variation of energy response as a function of impact point
on the calorimeter. A detailed discussion on the calibration can be found in Reference [130].
The calibration factors for the energy scale are obtained from Z — e*e™ events. This is done
using a data-driven method whereby by the width of the Z boson resonance is matched to
the one that is observed in data resulting in an additional contribution to the electron energy

resolution.

4.3.1 Photon Identification and Isolation

Attentive photon identification (PID) is essential at ATLAS in order to segregate photons which
arise from hadronic decays. Algorithms for PID at ATLAS rely on the shower shape variables.
Shower shape variables are determined from rectangular cuts on calorimeter variables which
describe how the energy deposited in the EM shower is deposited. These variables can be
broadly categorized into measuring hadronic leakage, energy distributions in the middle-layer
and strip layer of the calorimeter system. These are briefly described in Table 4.1 and a more
detailed description can be found in References [131, 132]. The shapes of the showers induced

by photons, electrons and jets vary. Photons tend to have narrow showers in comparison to jets
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Table 4.1: The discriminating variables used for loose and tight photon identification with
indication of which cuts are used in loose and tight photon identification.

Category Description Name | loose | tight
Acceptance Inl <2.37, with 1.37 < |n| < 1.52 excluded - v v
Hadronic leakage | Ratio of ET in the first sampling layer of the | Rpqq, | v/ v

HCal to ET of the EM cluster (used over the
range |n| < 0.8 or |n| > 1.37)

Ratio of Et1 in all layers of the hadronic | Rpeq | v v
calorimeter to the E1 of the EM cluster (used
over the range 0.8 < |n| < 1.37)

EM middle layer | Ratio between the sum E32 . of the cell energies | Ry v v
in a 3x7 rectangle (measured in cell units in
1 x ¢), and a sum Efizx » of the cell energies in a
7x7 rectangle, both centered around the cluster

seed
Lateral width of the shower in the 7 direction W, v v
Ratio between the sum E‘ffxg of the cell energies | Ry v

in a 3x3 rectangle (measured in cell units in
1% ¢), and a sum E3? ; of the cell energies in a
3x7 rectangle, both centered around the cluster

seed

EM strip layer Lateral shower width for maximum strip and two | wg, v
neighbours
Total lateral shower width Ws,,,; v
Fraction of energy outside core of three central | Fy;q, v

strips but within seven strips

Difference between the energy of the strip as- | AE; v
sociated with the second maximum in the strip
layer, and the energy reconstructed in the strip
with the minimal value found between the first
and second maxima

Ratio of the energy difference associated with | E 44, v
the largest and second largest deposits over the
sum of these energies
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and jets deposit most of their energy in the hadronic calorimeter. As seen in Table 4.1, the loose
PID applies cuts only on the shower shapes R;;, wy,, and either Rpqq or Rpq4,, depending on
the pseudorapidity range of the photon candidate. The tight PID applies stricter cuts on these
mentioned shower shapes and applies additional cuts to other shower shapes, mainly in the first
layer of the EM calorimeter. This selection is designed to have a high background rejection rate
while retaining a high signal yield. The /oose selection applies the same cuts to both converted
and unconverted photons whilst the zight selection is optimized separately for the two cases.
The PID efficiency of the unconverted (converted) photons range from 95% to 98% (85% to
95%) between 25 GeV and 200 GeV. In order to account for small discrepancies between data

and MC, small corrections are applied to the photon shower shapes.

In the effort to further segregate photons from jets, two complimentary isolation variables
are employed. The first is defined as the sum of the transverse energy of the topological clusters
with positive energy [133] reconstructed in the calorimeter around each photon candidate in
a cone of radius AR = 0.4. This follows after the subtraction of the contributions from the
photon itself and correcting for the leakage in photon energy. The second isolation variable is
the scalar sum of transverse momenta of all tracks with ppr > 1 GeV and within a cone of size
AR = \/m = 0.2 around each photon candidate. For A — yy final states only tracks
consistent with originating from the diphoton production vertex discussed in Section 5 are used

and the tracks associated to converted photon candidates are excluded.

4.4 Electron reconstruction

Leptons are a primary signature for electro-weak processes and are used in a wide range of
physics analyses including precision standard model measurements and searching for new
physics. Electrons are reconstructed from energy clusters in the EM calorimeter associated
with tracks in the ID. The determination of the electron candidate energy is performed using
the same methods described for photons in Section 4.3. The candidates are required to have
pt >7GeV and be within a region defined by || < 2.47 and those within the transition or

"crack" region defined by 1.37 < |n| < 1.52 are not considered. The electrons are required to
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satisfy a loose PID criterion based on the electron shower shapes in the EM calorimeter as
well as its leakage into the TileCal [134]. Finally, the electron candidates must satisfy both
the calorimetric isolation and track-based criteria relative to the pt of the candidate. The
calorimeter isolation energy within AR < 0.4 is required to be less than 20% of the candidate’s
pr. In the case of the track isolation, the sum of track pt within AR < 0.2 around the track of

the electron candidate is required to be less than 15% of the electron candidate’s pr.

4.5 Muon reconstruction

Muons are reconstructed from tracks in the ID and MS. Muon candidates are built based on
the available information from these sub-detectors. The main algorithm combines tracks that
are reconstructed separately by the ID and MS. The muon candidates are required to to have
pt >7GeV within a region defined by |n| < 2.47 as well as pass a "medium" identification
criteria. For events containing muons, the ldgl with respect to the PV in the event must be less
than 1 mm and the |zgl with respect to the primary vertex in the event must be less than 10 mm.
The muon candidates are also required to be isolated with algorithms that are consistent with

those discussed in the case of electrons.

4.6 Jet reconstruction

Jets are reconstructed using topological clusters [136] within the EM and hadronic calorimeters
using the anti-kt algorithm [137] with a distance parameter of R = 0.4. All jets are required to
be within a region defined by |n| < 4.5 and depending on the location of the jet, different pt
requirements are applied. All central jets within |n| < 2.4 are required to have pt > 25 GeV
while those outside this region are required to have pt > 30 GeV. Data-driven corrections are
applied to reduce energy dependence on pile-up which in turn refine the jet calibration. Jets
produced from pile-up interactions are diminished by ensuring that the jets originate from the
diphoton vertex. This is achieved using a Jet-Vertex-Tagger (JVT) algorithm [135, 138, 139]
which has replaced the Run 1 Jet-Vertex-Fraction (JVF) algorithm [139]. The JVT technique

77



CHAPTER 4. OBJECT RECONSTRUCTION AT ATLAS

u) 1 02 E T | T T T T | T T T T | T E
;1:) - ATLAS Simulation Preliminary ]
c | Pythia dijets 77 PU jets ]
Ty 10 |-Anti-k; LOW+JES R=0.4 O] HS jets _
8 il <2.4,20 <p <30 GeV 3
N - 0< Nyy <30 ]
= C ]
€ 1F E
¢} E 3
=z - i
107 E
10%¢ E

10 0 0.5 1
JVT

Figure 4.4: Distribution of JVT for pileup and hard-scatter jets with 20 < pr < 30 GeV [135].

essentially discriminates hard scatter jets from pile-up jets in the central region of the detector.
Figure 4.4 shows the distribution of JVT for pileup and hard-scatter jets with 20 < pr < 30 GeV,
where the values of JVT range between O (probably a pile-up jet) to 1 (probably a hard-scatter
jet). Jets used in the A — yy final state analysis are required to have a JVT score greater than
0.59. Jets within |n| < 2.4 with pt < 60 GeV and JVT cut of less than 0.59 are rejected. Jets are
an integral part of the reconstruction of E?iss and also form one of the components of E?iss.
The raw jets container without any applied selection are used in the reconstruction of the £ %ﬂss
and only the central jets within |n| < 2.5 are used in the jet binning. Jet binning refers to making

a requirement on the “number of jets" selection, for instance, exactly one jet or at least one jet.

4.7 Missing transverse energy reconstruction

Missing transverse energy, denoted E%ﬂss, will be discussed in detail later on since it is a key

aspect of the main analysis in this thesis and forms a predominant part of my work. E?iss isa
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key part of numerous analyses at the LHC, including Higgs boson measurements and BSM
physics searches. E%‘iss is described as the transverse energy which is not detected in a particle
detector but is expected to be due to the laws of conservation of momentum. In pp collisions
most of the SM particles leave tracks inside the detector, however, undetectable particles such
as SM neutrinos and other possible BSM particles escape without leaving a trace. Strictly
speaking, no direct evidence of such particles can be measured in any general purpose detector.
Nevertheless, the total momenta of the colliding protons is almost zero in the transverse plane
such that the presence of undetectable particles can be inferred by the resultant momentum
imbalance in this plane. This momentum imbalance in the plane transverse to the beam axis,
compelled by momentum conservation describes E %ﬂss. It is a z-axis boost invariant quantity,
which if measured in the lab frame is also very easy to interpret in the parton-parton hard

scattering centre-of-mass frame.

4.8 Conclusions

The reconstructed and identified objects representing the observed characteristics of the particles
originating from the pp collisions are the starting point of all ATLAS physics analyses. The
algorithms developed to reconstruct and identify these physics objects are constantly improved
to keep up with the changing energies and pile-up conditions at the LHC. A good understanding
of these reconstructed objects is a prerequisite for all measurements, searches or discoveries at
the LHC. Before the diphoton event selection, an overlap removal between the reconstructed
objects is applied in order to avoid duplications. This overlap removal procedure is discussed
in detail in the next chapter. The content that has been presented in this chapter forms an
integral part of the discussions in all the chapters that follow. More importantly, a very detailed
discussion on the reconstruction and performance of E’?iss is documented in Chapter 6 and

constitutes the bulk of the contribution of this thesis to the overall BSM searches.
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CHAPTER

THE h — yy DECAY CHANNEL

his chapter introduces the diphoton channel as it forms the basis for the chapters

to follow in this thesis. In Run 1 the 2~ — yy channel played an important role in

the discovery of the Higgs boson [128] and now in Run 2 this channel remains one

of the most useful in performing precise characterization of Higgs properties [140]. This is

because despite this channels’ small branching ratio for a Higgs boson of mass 125 GeV, the

h — yy decay channel provides a very clean final-state topology with an invariant mass peak

that is reconstructed with great precision, allowing an efficient fight against QCD and other
non-resonant backgrounds.

Section 5.1 briefly touches on the software tools used in the diphoton analysis framework.

Section 5.2 discusses the Monte Carlo simulation samples produced centrally for this channel.

Lastly, Section 5.3 describes the object and event selection in the diphoton decay channel,

which is in fact an extension of the content discussed in Chapter 4.

5.1 Diphoton Analysis Framework

A common and robust analysis framework is paramount in dealing with the huge amount of
data produced by ATLAS. ATLAS uses a standard framework called ATHENA for simulations,

reconstructions and analyses. ATHENA is implemented based on the GAUDI framework [141]

81



CHAPTER 5. THE A — yy DECAY CHANNEL

which essentially facilitates the development of data processing. The ATHENA framework
comprises several components which take care of different tasks in the simulation, reconstruc-
tion and analysis chain. The framework does so by handling the configuration and execution of
numerous algorithms built in C++ packages.

The various data formats handled by the ATLAS Event Data Model (EDM) in Run 2 are

shown in Figure 5.1 and are discussed briefly below.

RAWdata: Contains the detector output produced by either real or simulated events after

the HLT and the size of each event is approximately 1.6 MB.

* Event Summary Data (ESD): Contains the detailed output of the reconstructed process

and adopts an object-oriented format. The approximate event size is usually several MBs.

* XxAOD: Introduced in Run 2 and replacing Run 1’s AODs and D3PDs. This is a sub-set
of the ESD and contains the physical objects used in analyses as well as reduced detector
level information and can be read either from ROOT [142] or ATHENA. The event size

is approximately 500 KB.

* DxAOD: Contains a sub-set derived from the xAOD specific to an analysis or perfor-
mance group. Several derivations are produced and the data is reduced by selecting
specific objects and specific information about those objects. The final event size varies

depending on the derivation process.

The RAW detector data and simulated detector output (RDO) data are reconstructed into
our xAOD format which is the Run 2 analysis EDM. From these XxAOD events, several derived
formats (DxAODs) are made.

The diphoton analysis framework, referred to as the HGAMANALYSISFRAMEWORK, 1S
built in ROOT which is an object oriented data analysis framework. This framework is intended
to provide a final mini XAOD (MxAOD) with all the calibrated objects and user-level variables.
Analyzers are provided a skeleton code along with example codes which they run in order to
make selections specific to their analyses thus reducing the DxAODs into XxAODs and even

further into MXAODs. These MxOADs are produced centrally in the diphoton channel analysis
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Figure 5.1: An illustration of the ATLAS data flow into analysis.

group using this framework and contain information after the nominal diphoton selection
discussed in Section 5.3.2.2. The flexibility of the framework also allows the incorporation of
additional C++ scripts which inherit from the main HGAMANALY ST sFRAMEWORK and further
reduce MxAODs to small ntuples. Both MxAODs and small ntuples are small enough to be run

locally which is more convenient for analyzers.

The HGAMANALYSIsFRAMEWORK 1s made up of several object handlers which made up
the HGam components, namely: Electron handler, Photon handler, jet handler, muon handler,
overlap removal handler, E?iss handler, event handler, truth handler and var handler. Each
handler contains a set of code with functions that manage the various objects. The work done in
the context of this thesis contributed in managing the E?iss handler as its precise reconstruction

1s essential for the studies documented in this thesis.

5.2 Monte Carlo samples

Monte Carlo (MC) simulations of the studied physics processes are crucial for all analyses at
the LHC. This section describes the MC samples of the signal and background processes in
the diphoton final state channel. In this case, the simulated samples are used to determine the

shape of the diphoton mass spectra for signal and background processes. Several MCs are used
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to simulate the Higgs boson production and decay modes which were discussed in Section 1.3.

5.2.1 Standard Model Higgs Monte Carlo samples

The Higgs boson signal MC samples are produced for the production modes shown in Table 5.1.
The signal samples produced via ggF and VBF are generated with PowHEG [143, 144]
and passed to PyTu1a8 [145] for parton showering. The ggF samples are normalized to
calculations at NNLO in QCD [55-57], with NLO electroweak corrections [43—47] also
applied. On the other hand, the VBF samples are normalized to cross-sections calculated with
NLO electroweak corrections as well as NLO QCD corrections with an additional NNLO QCD
correction [48, 59].

The associated Higgs production with W and Z bosons are generated with PyTH 128 and
tth samples are generated with MADGrRaPHS5 aMC@NLO [146]. The Wh and Zh samples are
normalized to cross sections calculated at NLO [49, 50, 60] and at NNLO with NLO electroweak
radiative corrections applied. For the ¢¢h normalization, full NLO QCD corrections have been
calculated in References [51-54].

After the showering and hadronization processes, stable particles are defined as those
with lifetimes longer than 10 ps and these are passed through GEANTA4 [147, 148]. GEANT4
simulates the detector response and the events from the signal samples passed through it are
reconstructed using the same analysis software that is used for real data. This is referred to
as Full Simulation (FullSim) or Atlfast-II fast simulation [149]. The pile-up interactions are
also taken into account and added to the events. These are minimum bias events which are
generated with PYTHIAS and are reweighted to accurately reproduce the pile-up distribution

observed in data.

5.2.2 Background Monte Carlo samples

The SM backgrounds for prompt diphoton events are simulated using the SHERPA version
2.1 event generator [150] with up to two additional partons in the final state with the CT10
PDF. SHERPA is also used to generate Vy and V'yy backgrounds which are also contributors

in the diphoton channel. The events are filtered by requiring the presence of two photons with
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Table 5.1: MC samples for the different Higgs production modes used to study the signal shapes,
with the available simulated mass values and corresponding statistics.

Process Generator Mass [GeV] Nevents (x107)

200-400-750-300
ggk POWHEGH+PYTHIAS 331 1900-1600-2000-2400 30

200-300-400-500-600
VBF POWHEG+PYTHIAR 200-1000-1500-2000 30

200-300-400-500-600
Wh PYTHIAS 800-1000-1500-2000 >0

200-300-400-500-600
Zh PYTHIAS 800-1000-1500-2000 %

- 200-300-400-500-600
tEh MADGRAPHS aMC@NLO o= 1 oo 30

Table 5.2: Prompt diphoton background MC samples.

Generator Samples Simulation | N Events Remarks

SHERPA Yy+0, 1, 2 jets Full M Slicing m,, 0, 55, 100, 160 GeV
SHERPA Yy+0, 1, 2 jets Full 500k Slicing m,,, 160, 250, 400, 650, 1000 GeV
SHERPA Yy+0, 1, 2 jets Full 500k Slicing m.y, 1000~ 2500 every 500 GeV
SHERPA YY+0, 1, 2 jets Full 100k Slicing myy 2500~ 5000+ every 500 GeV
SHERPA vy+0, 1, 2, 3 jets Full M Slicing my, 100-160 GeV
SHERPA ry+0, 1,2, 3 jets AF2 100M Slicing my, 100-165 GeV
SHERPA Y jet+0, 1, 2 jets Full 20M Slicing pT 35,70 GeV, b, ¢/b, /c/b filter
SHERPA v jet+0, 1, 2 jets Full 2M Slicing p7270, 140 GeV, b, ¢/b, /c/b filter
SHERPA v jet+0, 1, 2 jets Full 10M Slicing pTY 140, 280 GeV, b, c/b, /c/b filter
SHERPA Y jet+0, 1, 2 jets Full M Slicing p% 280, 500 GeV, b, c/b, /c/b filter
SHERPA v jet+0, 1, 2 jets Full 200k Slicing p:’z 500, 1000 GeV, b, ¢/b, /c/b filter
SHERPA v jet+0, 1, 2 jets Full 100k Slicing p}T,Y 1000, 2000 GeV, b, c/b, /c/b filter
PYTHIA jetjet Full 2M JZNW, N=0 ~ 8

PYTHIA jetjet Full 500k JZNW, N=9 ~ 12

a transverse energy larger then 20 GeV in the final state. In order to maximize the available
statistics over the mass range of interest, the simulation is separately performed in exclusive
slices of the diphoton invariant mass m.,. Table 5.2 lists the properties of these prompt diphoton
samples, including the corresponding number of events and m.y slices. All background and
signal samples undergo FullSim except for the case of the huge diphoton plus three jets sample

which goes through Fast Simulation (AF2) [149].
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5.3 Object and event selection

5.3.1 Diphoton primary vertex

As already highlighted in the previous chapter, in order to achieve a precise measurement of the
diphoton invariant mass, m,,, as well as a precise computation of track-based quantities, the
exact location of the diphoton vertex is necessary. This diphoton vertex determination process
uses the photon-pointing capability of the EM calorimeter that allows the use of showers in
longitudinal layers to extrapolate the photon track to the beam axis. The two hardest photons
are used to identify the diphoton vertex. For converted photons, the position of the conversion
vertex is also used if the conversion tracks have hits in the silicon detectors. The diphoton vertex
is discriminated among other vertices using a Neural Network algorithm which uses photon
information from the ID and EM calorimeter. The expected efficiency of finding a primary
vertex within 0.3 mm of the true one is on average better than 80% [151]. The evaluation is

done using Z — e*e~ from both data and MC and is found to be acceptable.

5.3.2 Diphoton event selection

The object selection in the diphoton channel inherits from the main object reconstruction
procedure at ATLAS already discussed in Chapter 4. All the reconstructed objects: photons,
electrons, muons, jets and E%’iss enter the diphoton analysis framework in order for the nominal

h — yy final state selections to be performed.

5.3.2.1 Overlap removal

Before the actual diphoton event selection, an overlap removal selection between objects is
performed in order to avoid unnecessary duplications. During reconstruction particles can be
reconstructed as various objects, that is, a photon can be reconstructed as a jet or electron. As a
result, it is of utmost importance to apply an overlap removal in favour of the selected photons
in the event for the final state of interest in this analysis to maximise signal efficiency. The

selections are done in the following manner:
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Electrons within AR = 0.4 of selected photons are removed.

Jets within AR = 0.4 of selected photons are removed.

Jets within AR = 0.2 of selected electrons are removed.

Muons within AR = 0.4 of selected photons or jets are removed.

Electrons within AR = 0.4 of selected jets are removed.

5.3.2.2 Event selection

The h — vy final state requires the selection of at least two centrally located photon candidates
which pass the loose trigger where the leading photon has pt > 35 GeV and the sub-leading has
pt > 25 GeV. In order to maintain data quality control, a Good Runs List (GRL) selection is
applied to filter out any corrupted data collected in the data taking process and the selected events
pass a selection which checks the data quality. The selected two hardest photon candidates
are the ones used to identify the diphoton vertex. For the precise measurement of m,,, the
precise location of the diphoton vertex is essential. In addition, according to the discussion
in the previous chapter, the photon candidates must satisfy tight PID criteria based on the
EM showers shapes as well as pass the isolation requirements. Also, the photons must satisfy
relative pr cuts: leading must satisty pt,,/my, > 0.35 and sub-leading must satisty pr,,/my,
> (0.25. The events are required to have 105 GeV < m,, < 160 GeV where the diphoton mass
is calculated assuming that the photons originate from the diphoton primary vertex. Table 5.3

summarizes the nominal diphoton event selection stratagem.

5.4 Conclusion

In Run 2 of data taking, all physics analyses at the LHC are performed using xAODs or
DxAODs and in the diphoton analysis case, even MxAODs. Lightweight data formats referred
to as TAGs are used to facilitate efficient event selection. I developed the very first framework
TAG for the h — 7/)/+E$1SS final state inherited from the central HGAMANALYSISFRAMEWORK

which was used in the beginning of the main analysis documented in this thesis. The work
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Table 5.3: Table showing the nominal diphoton selection cuts as well as their functions.

Selection Function
No duplicates Removes duplicated events in the sample
Pass Trigger Selects events that pass the g35_loose_g25 loose trigger
GRL Data is rid of corrupt datasets by passing this selection
Detector DQ Quality of data is checked
Has PV The diphoton objects should satisfy the reconstructed vertex
Two loose photons Events should contain two loose identified photons
ey ambiguity Selection rejects events with ambivalent photons
Trigger match Selection matches the trigger to the g35_loose_g25 loose trigger
Identification Two photons should pass the tight PID
Isolation Two photons should pass the isolation requirements
Relative pT y1 and yg required to have pr,,/my, >0.35 and pr,/my, > 0.25, respectively
Mass window Events required to pass 160 GeV < m,, <400 GeV

done in the context of the present PhD provided a contribution to the initial development and
maintenance of the E?iss handler tool which is discussed in detail in the next chapter. All in all,

Chapters 4 and 5 have established the foundations for the studies in the chapters to follow.

88



CHAPTER

PERFORMANCE OF ET"® RECONSTRUCTION FOR ATLAS

WITH DIPHOTONS AT /s = 13 TEV

he role played by E%ﬁss in BSM physics searches is of utmost importance. For instance,
E?iss signatures play an important role is searches for supersymmetry [152, 153] and
DM [154, 155] at the LHC. The information obtained from the reconstruction of this
El%liss sheds light on new discovery possibilities, where long-lived non-interacting particles
are produced in pp collisions, bringing us closer to tackling the unanswered questions about
our world. This chapter not only scrutinizes the reconstruction of E?iss, but also displays the
performance of this E%ﬁss which validates its precise reconstruction. The studies in this section
are evaluated based on data collected with the ATLAS detector, corresponding to various
luminosities of pp collisions at the LHC at a center-of-mass energy of 13 TeV collected in 2015,

2016 and 2017. This study is part of the subsequent BSM physics searches driven by E%ﬁss.

Section 6.1 details how the E?iss is reconstructed and calibrated at ATLAS. Section 6.2.1
reviews the infrastructure of the E%ﬁss handler as well as how it operates within the main

h — yy framework. Finally, Section 6.3 presents all the E?iss performance studies based on

data and MC.
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Figure 6.1: A graphical illustration aiding in the explanation of E?iss.

6.1 E‘%"SS reconstruction and calibration

E%‘iss has been introduced in Chapter 4 as being the transverse energy which is undetected in
particle detectors but is expected due to laws of conservation. The transverse momentum of the
colliding protons is very small and only given by the fermi notation of partons inside the proton.
This transverse momentum is approximately equivalent to the mass of a proton. Missing energy
is carried by particles that do not interact with the various components of the detector as they
traverse it, making it a key signature for BSM physics. Figure 6.1 shows a shifted transverse
view of the detector explaining the concept of E %ﬁss.

The E%ﬁss is reconstructed from the negative vector sum of the transverse momenta of all
the particles detected. The reconstruction process uses energy deposits from reconstructed and
calibrated physics objects to estimate the amount of E%ﬁss in the detector. These objects include
electrons, photons, hadronically decaying t-leptons, jets and muons [156, 157], most of which
were discussed previously in Chapter 4. In addition, deposits that are not associated to any of
these hard physics objects are also taken into account in the E%ﬁss calculation and make up

what is referred to as the "Soft Term". The E?i“ is calculated as follows:

Emiss — Emiss,e _l_EIniSS,Y +EmiSS’T +Emiss,jets +Emiss,u +Emiss,Soft Term

xy) = Pxiy) T x(y) x(y) x(y) x(y) ) (6.1)
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where each term is calculated as the negative vectorial sum of the calibrated reconstructed
objects, projected onto the x and y directions. Each term in Equation 6.1 is calculated as

follows:

t
miss,term chzm
E. =— E;sinB;cos¢;, (6.2)
i=1
t
miss,term Ncglm
ES =— E;sinf;sing;, (6.3)
i=1

where the summations are over all cells in the range || < 4.5. Beyond well identified objects
(e,7,7, 1), the jets and the soft part only use cells belonging to 3D topological clusters are used
in order to suppress noise and limit the number of cells used by focusing on those that contain
a significant signal.

The magnitude of the EITniss and its azimuthal coordinate ¢™° are given respectively by:

E%nss _ \/(ExmiSS)2 +(Eymi55)2 " (6.4)

¢™ = arctan (E)S/ET). (6.5)

The total transverse energy (3_ET) in the calorimeters is an important quantity to parameter-
ize and understand the EIT]rliSS performance. )} ET is defined as the scalar sum of the transverse
energy of all the reconstructed and calibrated objects that go into the E?iss calculation, including

the Soft Term. That is,

ZET:ZE%+ZE¥+ZE¥+ZE%+ZEJ¥“+ZE§°ﬁT€m, (6.6)

6.1.1 E'TniSS Soft Term reconstruction

The Soft Term comprises part of the hard scatter signals, the underlying event activity as well
as pile-up interaction contributions thus making it an essential attribute of the E%ﬁss. Several
algorithms have been developed at ATLAS to ensure precise measurement of the E?i“ Soft

Term. These methods aid in reducing the effects of pile-up interactions by making use of track
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M no association
to e,y,y,T,jets
Soft Term

Figure 6.2: A graphical illustration of the constituents of the E%ﬁss including the Soft Term.

information since ID tracks can be reliably matched to the PV corresponding to the hard scatter
process [158]. All the E‘%ﬁss terms in Equation 6.1 are affected by pile-up, but the most affected
are the jet and soft terms due to the fact that their constituents are spread over larger regions of
the calorimeters in comparison to the others. Substantial degradation in the E?iss resolution is
accounted to the increase in these pile-up interactions. It is therefore imperative to incorporate
methods of pile-up suppression in the reconstruction of E?iss. The pile-up suppression Soft

Term used in the E?iss calculation is referred to as the Track Soft term.

6.1.1.1 Track Soft Term (TST)

The TST term is constructed from tracks which pass the selections outlined in Sections 4.1
and 4.2 but not matching the hard physics objects. Only tracks associated to the PV through
requirements on the longitudinal and transverse impact parameters are included. In addition,
the TST incorporates overlap removals between tracks and calorimeter clusters associated to

the high-pT objects. These are summarized as follows:

* Tracks within AR (track, electron/photon cluster) < 0.05 are removed.
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Tracks within AR (track, 7-lepton) < 0.2 are removed.

ID tracks associated to combined or segment-tagged muons are replaced with the com-

bined ID+MS fit.

* Tracks associated with jets using the ghost-association technique [159, 160] are removed.

Isolated tracks of pt = 120 GeV (= 200 GeV for |n| < 1.5) with momentum uncertainties

larger than 40% or with no matching calorimeter deposit are removed.

In addition, tracks associated to jets which do not pass the JVT score described in Section 4.6
enter the Soft Term. However, the Soft Term does not include contributions from soft neutral

particles and from forward regions described by |n| > 2.5.

6.1.2 ET significance

The EITIliss significance is a very important quantity because it can be used as an estimator of
El%liss with a higher pile-up resilience. The high luminosities of Run 2 result in the degradation
of the resolution of E?iss since it goes the square root of the total energy in the calorimeter as

shown in Equation 6.6. E?iss significance is described by the following ratio:

miss
ET

which is basically the ratio of the E%ﬁss and the resolution of E%ﬁ“. As the amount of pile-up

E%‘isssigniﬁcance = (6.7)

interactions increase, the total transverse energy (scalar sum) also increases, and according to

Equation 6.7, this results in a smaller pile-up dependence.

6.1.3 Fake ET*S

In the measurement of E7"**, maximizing the detector coverage is an important requirement.
However, this stretch can result in ET"™ mismeasurement or what is renowned as "fake"
ET'™. Instrumental contributions to this fake E7" include: cosmic-rays and beam-halo muons

crossing the detector, various sources of noise as well as the presence of dead regions within
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the detector. With the LHC’s increasing luminosities, contributions to fake E?iss also escalate.
Several fake E?iss suppression methods are developed at ATLAS, one such method is discussed

in Section 6.3.2.

6.2 E'T‘fliSS reconstruction tools

E?iss reconstruction for the LHC Run 2 of data taking inherits the basic strategies originally
developed for Run 1, but with completely redesigned software. The Run 2 software uses the
xAOD-based data model and provides support for the MET reconstruction within the ATHENA
framework and in a ROOT-based environment. This section discusses the Run 2 software used

in the reconstruction of E’?lss.

6.2.1 ET Handler

The E?iss handler "ETmissHandler" is a package within the HGAMANALYSISFRAMEWORK
which handles the reconstruction of E%liss. The author of this thesis contributed to the initial
development of the handler. The handler contains code written in C++ which retrieves calibrated
physics objects from their respective handlers and feeds them into the MET Utilities tool which
rebuilds the E?iss. METUftilities is a tool that allows users to rebuild the E%ﬁss incorporating
scaling, smearing as well as systematics in a manner consistent to the E?iss algorithms.

The METUtilities package is made up of a METMaker tool and a METSystematics tool.
The METMaker uses an association map called "MissingETAssociationMap’ which essentially
maps the objects to their corresponding topoclusters or tracks. The particle containers which
contain the selected objects are passed to this tool since it does not actually apply the standard
selection cuts. However, in the case of jets, the full containers are passed into this tool since the
jets used in the reconstruction need to satisfy the pt > 20 GeV criteria which is not the case in
the nominal selection. In addition, a JVT cut is also incorporated into the METMaker in order
to rebuild the TST term since jets that do not pass this selection are considered in this term.
The hardest vertex as well as the diphoton vertex are also taken into consideration at this stage,

and are incorporated into the METMaker to compute the soft Term. The hardest vertex is also
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Figure 6.3: A graphical illustration of the reconstruction of the different constituents of the
Emiss.
T

taken into account in order to perform validation studies. The METSystematics tool provides
uncertainties for the E?iss soft terms while those for the hard physics objects are propagated
via the the METMaker. Once this tool is loaded with the physics objects and is configured, the
output provides the user with the different components of the E?i“ referred to as the E?iss
Ref Terms. Figure 6.3 summarizes the tools’ EITIliSS reconstruction sequence. Each Ref term
is calculated from the negative sum of calibrated cell energies corresponding to the various

objects.

The METMaker performs some overlap removals in order to avoid double counting of any
sort. The reconstruction sequence plays a crucial role in this. The METMaker keeps track of
the calorimeter clusters that have already been assigned to specific objects. If a calorimeter
cluster has already been used, the additional object linked to it is rejected. For instance, in the

case where the RefEle term has already been calculated and a photon is being considered for
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the calculation of the RefGamma term, if this photon happens to point to the same topocluster
that an electron pointed to previously, the photon is removed from the £ %‘iss calculation. In the
case where this problematic object is a jet, only a fraction of its kinematics are added to the
E%’iss calculation, provided that this fraction is above a certain threshold. Additionally, if this
fraction does not meet the threshold requirements, it is then introduced into the soft term. The

performance of this EITniSS reconstruction is presented in Section 6.3 of this chapter.

6.3 ET* Performance studies

In this section, the behaviour of the reconstructed E?iss 1s examined in data and MC for
various studies involving El%liss. The content in this section encompasses fake E?iss suppression
methods, vertex selection effects on E%ﬂss as well as general evaluation of the performance of

miss
Emiss,

6.3.1 Z — e"e” vertex reconstruction validation

The reconstruction of E %ﬁss is sensitive to the vertex finding algorithm. As a result, the validation
of the photon pointing vertex finding algorithm using data and MC is of great importance. The
downside of such a validation is that it is not possible to know the truth vertex reconstruction
efficiency in the data diphoton events. A solution to this problem is the use of Z — e*e™ events
and hence the Z mass control window to do the data and MC validation. The Z — e*e™ events
are very similar to diphoton events since the electrons can mimic the photons if the two tracks
that are attached to the electrons are removed. Also, the Z — ee™ hardest vertex is almost
100% equal to the truth vertex making these events very beneficial in this check. Also, the

effect of choosing the wrong vertex on the E%ﬁss can also be evaluated in the data.

By comparing the variation of the discrepancies in data and MC when changing from
the hardest vertex to photon pointing vertex, the systematic uncertainty can be evaluated.
This systematic uncertainty is obtained only from the photon pointing method. The selection

structure for this validation is as follows:
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 Events with two tight electrons in the Z — e*e™ mass window m;; in [85,95] GeV are

selected.
¢ Two sets of vertices are selected:

— One set by the largest ). p%

— One set by removing tracks attached to the two selected electrons
* The JVT value is set for both vertices
e The TST E?iss is reconstructed for both vertices.
* The photon pointing vertex finding efficiency is compared between data and MC.

e ForE ?iss cut of 50 GeV (intermediate ErTniSS boundary) or 100 GeV (high EITniSS boundary)
the difference in the event yield variation is derived, where the relative uncertainty is

given by:

DatahardestPV/MChardestPV
b
DataphotonpointingPV/MCphotonpointingPV

(6.8)

where Datapngrdestpv and M Chqrdesipv refer to data and MC, respectively, under the
hardest vertex finding algorithm. Data protonpointingPv and MC photonpointingpv refer to data
and MC, respectively, under the photon pointing vertex finding algorithm previously discussed
in Section 5.3.1.

Figure 6.4a shows the photon pointing vertex finding algorithm efficiency distribution as a
function of E?iss and Figure 6.4b shows the variation by changing from the hardest vertex to

the photon pointing method. Efficiency and variation are defined as follows:

* Efficiency: the number of events in which the two vertex finding methods point the same

vertex over the total number of events in each bin.

* Variation: the photon pointing E?iss shape divided by the hardest vertex E?iss shape.
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Figure 6.4: The data and MC comparisons for the (a) vertex reconstruction efficiency for the
photon pointing method and (b) variation of changing from the hardest vertex to the photon
pointing vertex [3].

The data and MC comparisons in both distributions in Figure 6.4 show reasonable agreement
with small discrepancies. The systematic uncertainties evaluated are 3.8% and 20% for the
intermediate E?iss and high E?iss regions, respectively. This Z — e*e™ study basically shows
that the E?iss shape for the photon pointing method is consistent in both data and MC. This
validation also verifies that in Z — e*e™ data, the photon pointing method gives the correct

vertices 50-60% of the time. This study was introduced in our 2016 Moriond note [3].

This study was repeated using the 2016 reconstructed E%ﬂss in order to further validate
the photon pointing method. Figure 6.5 shows the direct comparisons in E?iss and E?iss
significance between data and MC for the different vertices. Figure 6.6 shows the variation by
using the photon pointing method. All figures show good agreement between data and MC
meaning the diphoton vertex is validated once more. Additional figures that supplement this

study are shown in Appendix B.
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Figure 6.5: The direct comparison of the E%ﬁss between data and MC in the Z — e*e™ control
region. The distributions on the left represent the hardest vertex case and the distributions on the
right represent the photon pointing case. The top distributions represent E?iss and the bottom
EIT’rliSS significance. Good agreement between data and MC is observed [6].

6.3.2 The Same Vertex Method

The high pile-up conditions in Run 2 at the LHC tend to result in higher fake EITniSS, an alarming
attribute in BSM searches. Several methods have been developed at ATLAS to mitigate the
effects of pile-up on E?iss as discussed previously in this chapter, but these are not sufficient.

In fact, following our two analyses in the diphoton channel with E%‘iss, we realized that further
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Figure 6.6: The comparison in variation of E%ﬁss between data and MC in the Z — e*e™ control
region. The variation from hardest vertex to photon pointing vertex is shown for (a) ET"* and
(b) ET™ significance. Good agreement between data and MC is observed [6].

methods to suppress fake E,’Piss were essential in order to ensure improved BSM physics
discovery sensitivity for all searches associated with E%liss. The WITS institute therefore
developed what is now referred to as the "Same Vertex Method" in this effort, a method that
has been accepted by ATLAS.

When comparing the consistency of the two types of vertices, that is, photon pointing and
the hardest vertex, it was observed that they vary in signal and background. This was essentially
the starting point or rather the motivation for this method. This observed feature preceded the
potential development of an additional fake E?iss suppression method. Figure 6.7 illustrates
the difference in vertices between signal and background.

The left of Figure 6.7 shows a signal process resulting in real E%ﬁss whereby there is only
one physics vertex with a real £ %ﬁss component. On the other hand, the diagram on the right
shows a diphoton background process which includes a secondary pile-up vertex whereby the
physics vertex contains no real E?i“. The study shows that when the E?iss is large, the events
with fake E%ﬁss (diphoton continuous background or SM ggh events) tend to contain large pt
pile-up jets. These hard pile-up jets are contained in events which are not fully rejected by the

JVT criteria and cause an imbalance in the E?iss. The JVT cuts are only applied to jets with
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Figure 6.7: An illustration of real E?iss with a physics vertex (left) and fake E?iss caused by an
additional pileup vertex.

p1<60GeV, resulting in a fake component to the H(— yy) + EITniSS analysis.

The limited performance of this JVT selection in the high jet pt region or the forward
region results in a lot of contamination in the high E?iss region which has worked to our
advantage. When there is a hard pile-up jet, there is a corresponding hard pile-up vertex which
is identified by the hardest }_ p% of the tracks. In the diphoton channel, there is no hard track
attached to the physics vertex as the physics vertex is selected through the photon pointing
method. This implies that in the high E ?iss case, events that come from fake E %liss are inferred
by the pile-up vertex being harder than the photon pointing one. As a result, in order to reject
these fake E?iss events, one would have to require the diphoton vertex to be the same as the
hardest vertex.

The MC samples used in this study include:

* Diphoton SHERPA background.
* SM Zh(vv) which contains truth E?iss but not many radiated jets.

* The heavy scalar sample which contains moderate truth E?iss and radiated jet from the

gluon gluon fusion. This sample is specific to the main analysis in the next chapter and is
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Figure 6.8: Distributions showing the principle behind the same vertex method using the
diphoton background, Zh signal and heavy scalar signal. (a) Shows the p% physics vertex
distribution, (b) shows the ). p?r pile-up vertex and (c) shows the difference between the ) p?r
of the two vertices [6].

discussed in detail there.

Figure 6.8 illustrates the principle of the same vertex method. Figure 6.8a compares the
three physics processes with respect to the ). p% physics vertex, Figure 6.8b compares them with
respect to the )’ p% pile-up vertex and Figure 6.8c compares with respect to the difference }. p?r
physics vertex - ) p% pile-up vertex. The diphoton background process has the softest }_ p%
physics vertex while having the hardest ) p% pile-up vertex. On the contrary, the two signals

exhibit a more continuous behaviour in the )’ p% physics vertex case and a plummeting one in
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Figure 6.9: Distributions showing the same vertex fraction as a function of E%ﬁss (Top) and

El%liss significance (bottom) for various samples with true and fake E%liss, respectively. Data
corresponds to 2015+2016 data (36.1 fb1) [6].

the other. Figure 8.2c shows that a large fraction of the diphoton background is concentrated on
the negative side of the distribution, indicating that the ). p% pile-up vertex is generally larger
than the ) p?F physics vertex on account of the events with fake ErTniSS. So, in order to reject
background events, one can require the diphoton pointing vertex to be the same as the hardest

vertex.

The same vertex method selection is therefore given by:
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* ¥ p% physics - ¥ p2 pileup = 0.

Figure 6.9 shows the same vertex fraction as a function of E%ﬁss and E%liss significance,
respectively, for various samples. The fake £ ?i“ samples tend to always have a different vertex
in the high E?iss regions while those with truth E?iss events have the same vertex fraction
varying from 50% to 100%. This variation is dependent on the amount of additional hard
tracks attached to the diphoton vertex. The heavy scalar and Wh samples have the same vertex
fraction varying from 85% to 100% attributed to the additional jets or leptons attached to the
vertex.

The same vertex method essentially suppresses fake E%ﬁss significantly especially in the
high E?i“ region, paving the way for BSM physics discoveries. The versatility of this method
allows it to be used across the diphoton, I/, Zy, 41 and even jet channels. The same vertex
method was approved by the ATLAS EITniSS analysis group (JETmiss group) and is documented
in the supporting note found in Reference [6]. The note also discusses the derived data driven
systematics of splitting the vertex in signal and background. The systematics for this method

are derived from the Z — e*e™ method described in the previous section.

6.3.3 Performance of 2015 data versus 2016 data

In this section the E?i“ performance comparisons between 2015 and 2016 data are shown.
Such studies are essential in ensuring that there are no unexpected discrepancies between the
datasets which can be caused by incorrect reconstruction or calibration. Studies are performed
inclusively and the amount of 2016 data corresponds to 13.3 fb~! of integrated luminosity and
the diphoton mass range considered is 105 GeV < m,,, < 160 GeV. The 2015 data corresponding
to 3.2 fb~! of integrated luminosity has been normalized to the number of events in the inclusive
sample of the 2016 dataset. Figures 6.10a and 6.10b show the x and y components of E?iss,
respectively. A significant degradation of the E?iss is observed when going from 2015 and
2016, which is expected due to the high pile-up conditions. Figures 6.10c and 6.10d show
the E%’iss and ) E'T distributions, respectively. Good agreement between both sets of data is
observed up to E?iss around 50 GeV where the 2016 data has a significantly large number of

events also accounted to the new pile-up conditions.
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Figure 6.10: E%‘iss distributions comparing 2015 and 2016 data, where (a) and (b) are the x
and y components of E?iss, (c) is the E’?iss and (d) is the Y E1. The 2016 data corresponds
to 13.3fb™! of integrated luminosity and 2015 data corresponds to 3.2fb~! of integrated
luminosity. The 2015 data has been normalized to the number of events in the inclusive sample
of the 2016 data set. Significant degradation of the E?i“ is observed when going from 2015
and 2016 accounted to the additional pile-up interactions. Good agreement between both sets
of data is observed up to EITIliss > 50 GeV where the 2016 data has a significantly large number
of events due to the new pile-up conditions [5].
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In order to scrutinize the degradation of the E?i“ performance in 2016 in comparison to
2015, the E?iss resolution distributions come into play. Figures 6.11 show the EITIliss resolution
distributions as a function of average interactions per bunch crossing (< u >), number of
primary vertices (Npy) and 3. E. The root-mean-square (RMS) of the superimposed x and y
components of the E?iss is used to estimate the resolution. The RMS tends to be more reliable
than the width of Gaussian fits due to the non-Gaussian tails of the E?iss. Also, Gaussian fits
are less reliable because they are altered as the fit range changes. To add on, Gaussian fits
are inclined to miss the important information about the E?iss tails because their restricted
range only allows them to extract the core of the distribution. Similar resolution versus < y >
and N,y is observed between the two sets of data. Some discrepancies are observed when
binning in Y}’ ET due to the fact that in Run 2 the )} ET has two components with different
pile-up dependencies. That is, the } ET is made of a track-based component as well as a

calorimeter-based one, each with a different dependency on the pile-up.

6.3.4 Impact on E‘{,‘iss of choice of vertex for the soft component

In the beginning of 2016, the diphoton vertex was used to compute the E?iss jet component and
the hardest vertex was used to compute the soft component. Later that year, the computation of
the soft term was also then computed using the diphoton vertex. Checking the performance of
E?i“ under the two reconstructions was of great importance in order to ensure that reconstruct-
ing both components using the diphoton vertex would improve the E?iss performance. The
checks are done using ggh 125 MC and Table 6.1 shows the expected yield for the ggh125
MC in events with E?i“ calculated using the diphoton vertex and that calculated using the
hardest vertex, respectively. The yields are are the same in both cases up to the analysis catego-
rization which is detailed in Section 7.4 of the next chapter. HMHP refers to the High—E%liSS
High-p) category, HMLP refers to the High-E'*S Low-p)” category, IntMET refers to the
Intermediate-E?iss category and Rest is the rest category. One can observe small differences
which give a slightly higher yield in the diphoton vertex selection case.

Figures 6.12 and 6.13 show the EIT’rliSS distributions, including various Ref terms and }_ Et

for the ggh125 MC. These are shown for events within a E%‘iss hardest vertex > 100 GeV.
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Figure 6.11: E%ﬁss resolution distributions showing the x and y components of the E?iss asa
function of (a) u, (b) Npy and (¢) 3 E7. The comparisons are between the 2015 full data and
2016 data corresponding to 3.2 fb~! and 13.3 fb~! of integrated luminosity, respectively. Similar
resolution versus < u > and Npy is observed between data 2015 and data 2016. Discrepancies
observed when binning in )} Et are due to the Run 2 )} E1 having components with different

pile-up dependencies [5].

Figures 6.14 and 6.15 show the same E?iss distributions for the ggh 125 MC. These are now

shown for events within 50 GeV < Hardest vertex EITrliSS < 100 GeV.

Following several validation checks, it was observed that the diphoton vertex £ ?i“ performs

better at low and intermediate £ ?iss values than the hardest vertex E?iss. However, the diphoton
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Table 6.1: Expected yields for the ggh125 MC in events with E?i“ calculated using the
diphoton vertex and that calculated using the hardest vertex, respectively. The selections follow
the nominal diphoton event selection detailed in Section 5.3.2.2.

Diphoton vertex Hardest vertex
gghl25
Events Stat. error Events Stat. error

No Duplicates 357.51 0.46 357.51 0.46
Trigger 220.64 0.36 220.64 0.36
GRL 220.64 0.36 220.64 0.36
DQ 220.64 0.36 220.64 0.36
Vertex 220.64 0.36 220.64 0.36
Loose PID 188.97 0.33 188.97 0.33
Ambiguity 188.97 0.33 188.97 0.33
Trig Match 188.97 0.33 188.97 0.33
Tight PID 166.84 0.32 166.84 0.32
Iso 151.90 0.30 151.90 0.30
Rel. pr Cuts  139.84 0.29 139.84 0.29
my, Window  139.81 0.29 139.81 0.29
HMHP 0.06 0.01 0.05 0.01
HMLP 0.29 0.01 0.23 0.01
IntMET 5.89 0.05 5.94 0.05
Rest 103.89 0.25 103.85 0.25

vertex tends to possess larger tails. At this point, the E?i“ validations needs to be studied
further due to the E?iss tails in our regions of interest. The distributions presented highlight that
the tails are dominated by events with jets implying that some effort in incorporating additional

cuts on events with jets would be ideal in resolving this issue.
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Figure 6.12: E?iss distributions for the ggh 125 MC comparing E?iss reconstructed using the
diphoton vertex with that reconstructed with the hardest vertex. This is for events with Hardest
vertex E%ﬂss > 100 GeV. Distributions are as follows: (a) El%liss, (b) E%ﬁ“ significance, (c)
RefGamma term and (d) RefJet term [5].
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() XET[5].
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Figure 6.14: E?iss distributions for the ggh125 MC comparing E?iss reconstructed using
the diphoton vertex with that reconstructed with the hardest vertex. This is for events within
50 GeV < Hardest vertex E?iss < 100 GeV. Distributions are as follows: (a) E?iss, (b) E%ﬁss
significance, (c) RefGamma term and (d) RefJet term [5].
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Figure 6.15: E?iss distributions for the ggh125 MC comparing E?iss reconstructed using the
diphoton vertex with that reconstructed with the hardest vertex. This is for events with 50 GeV
< Hardest vertex E%ﬁ“ < 100 GeV. Distributions are as follows: (a) SoftClus term, (b) Softrack
term and (c) Y Et [5].
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Figure 6.16: E?iss distributions comparing 201542016 data corresponding to 24.8 fb~! and
Sherpa yy, where (a) and (b) are E?iss distributions while (c¢) and (d) are E?iss significance
distributions. The left shows the nominal case while the right shows the same vertex selection

case. The MC have been normalized to the total number of events in the inclusive sample of
the data [6].

6.3.5 2016 data versus MC

This section presents the performance of the E%’iss reconstruction based on pp collision data
recorded in 2015 and part of 2016 at /s = 13 TeV and the amount of data corresponds to
24.8 fb~1 of integrated luminosity. The data is compared to Sherpa yy MC and the SM ggh MC,
respectively, looking at events passing 105 GeV < my, < 160 GeV. In Figures 6.17 and 6.18,

the MC have been normalized to the total number of events in the inclusive sample of the
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Figure 6.17: E%ﬁss distributions comparing 201542016 data corresponding to 24.8 fb~1 and
ggh MC, where (a) and (b) are E?iss distributions while (¢) and (d) are E?iss significance
distributions. The left shows the same vertex case while the right shows the different vertex

case. The MC have been normalized to the total number of events in the inclusive sample of
the data [6].

data set. Distributions are split into the same vertex case as well as the different vertex case.
For all the E?iss distributions, the MC tends to undershoot the data, more so in the Sherpa yy
cases. These discrepancies will be reduced by the addition of more MC such as the yj MC and
other processes with real E%ﬁss as shown in the next chapters. When making the same vertex
selection, that is, requiring the diphoton vertex to be the same as the hardest vertex, slightly

better performance is observed than when requiring them to be different. This is observed
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Figure 6.18: E?iss distributions comparing 201542016 data corresponding to 24.8 fb~1 and
Sherpa yy, where (a) and (b) are E?iss distributions while (c¢) and (d) are E?iss significance
distributions. The left shows the same vertex case while the right shows the different vertex
case. The MC have been normalized to the total number of events in the inclusive sample of
the data [6].

more in the resolution distributions. Commendable agreement is observed in the resolution

distributions in Figures 6.19 and 6.20 as a function of u, N,y and 3} E, which are only shown

for the same vertex case only. All in all, splitting into same vertex and different cases proves to

be more favourable than just the nominal selection.
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Figure 6.19: E%’iss resolution distributions showing the x and y components of the E?i“ as
a function of (a) u, (b) Npy and (c) X E1. The comparisons are between 2015+2016 data
corresponding to 24.8 fb~! and Sherpa yy for the same vertex selection case [6].
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Figure 6.20: E?iss resolution distributions showing the x and y components of the E?iss as
a function of (a) u, (b) Npy and (¢) > E1. The comparisons are between 2015+2016 data
corresponding to 24.8 fb~! and ggh MC for the same vertex selection case [6].
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Figure 6.21: EITniss resolution distributions showing the x and y components of the E%ﬁss asa
function of (a) u, (b) Npy and (¢) 3 E. The comparisons are between 2017 data corresponding
to 43.8 fb~! and Sherpa yy for the inclusive case [16].

6.3.6 2017 data versus MC

The performance of the E%ﬁss reconstruction based on pp collision data recorded in 2015,
2016 and 2017 at /s’ = 13 TeV and the amount of data corresponds to 43.8 fb~! of integrated
luminosity. The data is compared to Sherpa yy MC, looking at events passing 160 GeV < my <
400 GeV. Distributions are split into inclusive, O-jet case, 1-jet case and =2-jet case. A majority
of pile-up dependence arises from jets, hence the importance of binning in jets. This section

only shows E%‘iss resolution distributions showing the x and y components of the E?iss as a
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Figure 6.22: E?iss resolution distributions showing the x and y components of the E?iss asa
function of (a) u, (b) Npy and (¢) 3. E. The comparisons are between 2017 data corresponding
to 43.8 fb~1 and Sherpa yy for the Nj=0 case [16]. Additional figures are shown in Appendix B

function of u, Npy and . ET, the additional figures that supplement this study are shown in

Appendix B.

Figure 6.21 shows the inclusive case without any requirement on the number of recon-

structed jets. Figure 6.22 shows the 0-jet separately in order to show the difference in E%‘i“

performance without the presence of jets. Figures 6.23 and 6.24 show the cases with exactly

1 jet and at least 2 jets, respectively. All resolution distributions show reasonable agreement

between data and MC. The most stably performing resolution being that with respect to pile-up
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Figure 6.23: EITniss resolution distributions showing the x and y components of the E%ﬁss asa
function of (a) u, (b) Npy and (¢) 3 E. The comparisons are between 2017 data corresponding
to 43.8 fb~1 and Sherpa yy for the Nj=1 case [16]. Additional figures are shown in Appendix B

(Npv), having the least slope in comparison to the others in all the jet binning cases. In fact,
the resolution as a function of Ny, for the inclusive case has a slightly larger slope than the jet
binning cases, indicative of the fact that the slope in this case comes from an increased number

of jets at larger Npy.

Looking at the 0-jet, 1-jet and =2-jet cases it is clear that the degradation is resolution
originates mostly from the jet multiplicity and, from the amount of overall activity within the

detector.
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Figure 6.24: E?iss resolution distributions showing the x and y components of the E?iss asa
function of (a) u, (b) Npy and (¢) 3. Er. The comparisons are between 2017 data corresponding
to 43.8 fb~! and Sherpa yy for the Nj>=2 case [16]. Additional figures are shown in Appendix B

6.3.7 Pile-up dependency validations

This section presents the effects of pile-up on the E%ﬁss performance. This is done by re-
weighting the average interactions per bunch spacing u by a factor of 1.5 and observing the
effect on the E%‘iss distributions. The re-weighting is done for p > 20. BSM signal and Sherpa
Yy MC samples are used in this study, however only the Sherpa MC comparisons are shown
since the BSM signal corresponding to the main analyses in this thesis is only introduced in the

next chapter. The same vertex and different vertex cases are shown and the events after the u
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Figure 6.25: u distributions comparing Sherpa yy MC before and after re-weighting, where (a)
is the same vertex selection case and (b) is the different vertex selection case. The re-weighting
of p is by factor of 1.5. For the same vertex case A mean = 1.06 and for the different vertex
case A mean = 1.00. The events after the u re-weighting have been normalized to the number
of events in the unaltered sample [15].

re-weighting have been normalized to the number of events in the unaltered sample. Figure 6.25
shows the p distributions comparing the MC before and after the re-weighting process for the
two vertex cases. Figure 6.26 shows the effects of this re-weighting on the ET™S and EX
significance distributions in the two vertex cases. Very good agreement between both the MC
before and after re-weighting for both vertex cases making things look very promising after

this pile-up check.

6.4 Conclusions

E%ﬁss reconstruction and performance studies have been captured in this section. As mentioned
previously, E?i“ measurements are crucial for several physics analyses at ATLAS such as
those that will be discussed in the next chapters. The validation of the photon-pointing method
has been presented, accompanied by a pivotal fake E?iss suppression method. The same vertex
method that we developed allows us to reject fake E ?i“ events by requiring the diphoton vertex

to be the same as the hardest vertex. The photon pointing vertex selection in the diphoton
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Figure 6.26: E?iss distributions comparing Sherpa yy MC before and after re-weighting of
i, where (a) and (b) are the E?iss distributions and (c¢) and (d) are the E?isg significance
distributions. The distributions on the left correspond to the same vertex selection case and
those on the right correspond to the different vertex selection case. The re-weighting of u is by
factor of 1.5. For the same vertex case A mean = 1.06 for the p distribution and for the different
vertex case A mean = 1.00. The events after the u re-weighting have been normalized to the
number of events in the unaltered sample [15].

channel means that there are no hard tracks associated to the physics vertex. As a result, fake
El%liss events come from the pile-up vertex being harder than the photon pointing one.

E?iss validations have also been performed to ensure that 2015 and 2016 data sets do not
possess alarming discriminating features. In addition, the impact of the choice of vertex in re-

constructing the E ?iss has been explored. Most importantly, data versus MC E ?iss performance
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checks have been presented based on various datasets which have accumulated over the years.
Lastly, essential pile-up checks have been done to ensure stability of E?iss performance w.r.t.
pile-up interactions. All the paramount E%ﬁss validation checks for the diphoton channel have

been presented and lay a vital foundation for the consecutive analyses.
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CHAPTER

SEARCH FOR THE HIGGS BOSON IN ASSOCIATION WITH

EI‘T“SS IN THE DIPHOTON CHANNEL

his chapter details the search for new physics while searching for the Higgs boson
in the diphoton and E%ﬁss final state. A final state of this manner can be indicative
of phenomena associated with the production of dark matter (DM) candidates. The
results of this search are interpreted in terms of a model in which a heavy scalar, denoted ‘H’,
decays into the Higgs boson and DM candidates (H — Ay y). A model which is discussed in
detail in Section 1.4 and was formulated based on inconsistencies in the Higgs boson transverse
momentum distribution (p7 ) measured by ATLAS and CMS as well as other excesses in
the data. As explained in Chapter 1, limits were placed on the branching ratio of H — hyy
using Run II data and the analysis is performed in several categories based on EI{}iSS and E%ﬁss

significance and using the same vertex method which was discussed in Section 6.3.2.

This chapter is organized as follows: Section 7.1 introduces the analysis and Section 7.2
details the data and MC production specific to this analysis. Section 7.3 describes the object
and event selection in the diphoton decay channel which is in fact an extension of the content
discussed in Chapter 4. The event categorization is documented in Section 7.4 and Section 6.1.2
details the signal and background parameterization. The systematic uncertainties are discussed

in Section 7.6 and the results are captured in Section 7.8.
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DIPHOTON CHANNEL

7.1 Introduction

Since its discovery, the Higgs boson has been employed as a tool to explore new physics that
can help to unfold the mysteries of the universe [161-163]. In particular, with the consideration
that the Higgs boson interacts with DM, the direct detection of DM particles seems feasible.
Astrophysicists observe its fingerprint throughout the cosmos [89, 164], however DM particles
produced in SM collisions have a very minute interaction probability. As a result, DM searches
at the LHC a driven primarily by E%‘iss signatures produced with detectable particles (X+E$iss).
Both ATLAS and CMS have searched for topologies whereby the Standard Model (SM) Higgs
boson is expected to be produced from a new interaction between DM and SM particles
[165, 165-168]. This study presents an updated search for DM particles (y) in association with
the SM Higgs boson (k) decaying to a pair of photons using data collected at /s = 13 TeV
during 2015 and 2016 corresponding to an integrated luminosity of 36.1 fb~1.

Three benchmark models are considered in this DM search [3, 6, 18]. Figure 7.1a describes
the Z; model [169] model whereby a massive vector mediator emits a Higgs boson and decays
into a pair of Dirac fermionic DM candidates. Figure 7.1b describes the Z'-2HDM model [170]
whereby Z' is produced resonantly and decays into Higgs boson and an intermediate heavy
pseudoscalar A® which in turn decays into a pair of Dirac fermionic DM candidates.

Finally, Figure 7.1b describes the heavy-scalar model [3, 6, 18, 67, 171] based on the
Madala hypothesis, whereby a heavy-scalar boson (H) is produced primarily via ggF'. This
model is described in detail in Section 1.4 of this documentation since our Wits Institute for
Collider Particle Physics is responsible for its development and thus forms a predominant part
of my contribution to this analysis. The heavy-scalar boson or Madala boson is assumed to
have a mass in the range 2mjy < mpg < 2m,p, where m, represents the mass of the SM Higgs
boson and m,, 1s the mass of the top quark. The upper bound is set in order to avoid a large
branching fraction of H — 77 which would essentially saturate the width of H leading to a
H — hyy branching fraction that would be close to zero. On the other hand, the lower bound is
set in order to ensure on-shell Higgs boson production. Quartic couplings between H, h and
x which allow for the Higgs boson to be produced in association with E%ﬁss are considered,

where the DM particle is assumed to be a scalar. For simplicity, the decay branching fraction
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Figure 7.1: Feynman diagrams for the production of DM (y) in association with a SM Higgs
boson (h) arising from three theoretical models considered in this analysis: (a) Z ]’3 model, (b)
Z'-2HDM model, (c) heavy-scalar model.

of H — hyy is assumed to be 100% for this model and H can be viewed as being part of a
2HDM-+y structure, where it may be considered as a CP-even heavy-scalar boson [67].

The rest of this chapter will concentrate on the heavy-scalar model based on the Madala
hypothesis which is relevant to this thesis and the other introduced models will be referred to

when necessary.

7.2 Data and simulation samples

For this analysis data collected in 2015 and 2016 at /s = 13 TeV corresponding to an integrated
luminosity of 36.1fb~! is used. Events that are considered are those recorded under stable
beam conditions with the detector functioning efficiently, which is occurring approximately

95% of the time.

7.2.1 Signal samples

The MC signal and background processes are essential for analyses at the LHC as they are
used in optimizations, uncertainty estimations and signal and background shape studies. The
signal events corresponding to the Z/,, Z’'-2HDM and heavy-scalar models are generated using
MapGrarH aMC@NLO [146] at LO using the NNPDF3.0LO [172] parton distribution func-

tion (PDF) set. The events are then passed to Py THT A8 [145] for showering and hadronization
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Table 7.1: A summary of all the background processes used in this A(— yy) + E%ﬁss analysis.

Process Generator PDF set

Yy + 3 jets | SHERPA 2.1.1 | CT10

Y Pythia8EvtGen | AI4NNPDF23LO
Wy SHERPA 2.1.1 | CTI0

Zy SHERPA 2.1.1 | CT10

Wyy SHERPA 2.1.1 | CTI10

Zyy SHERPA 2.1.1 | CTI10

with the A14 [173] set of tunes parameters using the NNPDF2.3L.O PDF set [174].

In the case of the heavy-scalar model, the events are generated with the heavy-scalar mass
(mpg) of 260 < myg <270GeV and 300 < myg < 350GeV in 10 GeV intervals and also 270
<mpg <300GeV in 5GeV intervals. The mass points m, = 60 GeV and mpg = 275 GeV are

taken as an example of the kinematics that depend on the value of mg.

7.2.2 Background samples

The dominant background contributions to the m,, spectrum originate from the resonant SM
h — yy and non-resonant yy, yj, Wy, Zy, Wyy and Zyy events. The dominant background
consists of “reducible" and “irreducible" components. The irreducible component is real
(prompt) diphoton events, where a prompt photon originates from the hard scatter vertex.The
reducible component includes dijet and yj events, in which jets are misidentified as photons.
The production of the SM A — yy samples is summarized in Table 5.1 and that of the prompt
diphoton background MC samples is documented in Table 5.2. The remaining backgrounds as
well as the specific diphoton background used in this analysis are summarized in Table 7.1.
The heavy-scalar model samples are normalized using the cross section of the SM Higgs
boson produced in ggF at the same mass at NNLO+NNLL in QCD. The different pile-up
conditions from the same and adjacent bunch crossings as a function of the instantaneous
luminosity are simulated by overlaying minimum-bias events generated with PyTH128 and
EvtGen [175] with the MSTW?2008LO PDF set and the A2 [176] tune on the events belonging

to all the hard processes. In addition, pile-up weights are applied to the simulated events in
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an effort to eradicate discrepancies in the simulated and observed number of interactions per
bunch crossing. A fast simulation based on AtlFastIl [149] is used to simulate some of the

signals and the diphoton continuum background.

7.3 Object and event selection

The object reconstruction and event selection for this analysis inherits from the nominal
diphoton selection detailed in Sections 4, 5 and 6. The reconstruction and identification of all
the hard physics objects (photons, jets, electrons and muons) used in this analysis is discussed
in detail in Section 4. To add on, the reconstruction and performance of £ %ﬂss are scrutinized in
Section 6. The event selection for this A — yy+E$iSS analysis follows the diphoton selection
discussed in Section 5 where the two selected photon candidates are required to satisfy 105 GeV
<myy <160 GeV and the diphoton mass is calculated with the assumption that the photons

originate from the diphoton primary vertex.

7.4 Event categorization

The event categorization in this analysis is influenced by the kinematics of the models described
in Section 7.1. In the case of the Z and Z'-2HDM models, the Higgs boson recoils against
the pair of DM candidates resulting in large E?iss as well as a large diphoton pr (p?). On the
contrary, in the case of the heavy-scalar model the E?iss and p%y spectra are shifted towards
smaller values. In order to ensure an increased overall sensitivity of the analysis to these
different signal models, the events are classified into categories dependent on E%ﬁss, p?/ and
other kinematic quantities. As discussed in Section 6.3.2, when the E%ﬁss is large, fake E%‘iss
events tend to contain large pt pile-up jets inferred by the pile-up vertex being harder than
the photon pointing one. The same vertex selection (requiring the diphoton vertex to be the
same as the hardest vertex) is therefore implemented in the analysis event categorization in
order to reject these fake E?iss events. The same vertex selection occurs when the distance

between the diphoton vertex and the highest ) p%, vertex in the z direction is less than 0.1 mm.
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Table 7.2: A summary of the set categories defined in a sequential manner such that the rows
and each category exclude events in the previous one. The ‘Rest’ category excludes events
that are in any of the other categories. The p’,}y > 15 GeV requirement in the ‘Rest’ category is
motivated by the fact that the contribution from the SM Higgs boson produced via gluon fusion
is very large at low values of p? [18].

Category Requirements
Mono-Higgs S gmiss > vGeV, pX’ > 90 GeV, lepton veto
High-EMs Sgpiss > 5.5 VGeV, Vet = py1y

Intermediate-E"™ | Spmiss >4 VGeV, pi'® > 40 GeV, PVelet = py17Y
Different vertex | S Emiss >4 vGeV, pl%ard > 40 GeV, PVhighest o pyyy
Rest p?/ > 15 GeV

This requirement is made in order to ensure that the diphoton vertex is the same as the highest
> p%, vertex. In addition, the pl%ard variable defined as the magnitude of the vectorial sum of the
transverse momenta of photons and jets in the event. This variable provides further fake E%liss
suppression in the low—E?iss region. Lastly, in order to reject the background events from SM

Vy and Vyy processes (where V stands for W or Z), a lepton veto is applied.

This analysis defines five sequential categories shown in Table 7.2 such that each category
excludes the events in the previous row. So the "Rest’ category essentially excludes the events
that are in any of all the other categories. The Zj and Z'-2HDM signals are used in the
optimization and definition of the Mono-Higgs category, providing most of the sensitivity to the
corresponding two models. On the other hand, the other four categories provide extra sensitivity

to the heavy-scalar model and are optimized using the heavy-scalar samples.

7.4.1 The Madala framework

In order to perform the hA(— yy) +E%’iSS analysis, a framework is essential to bridge the
gap between the nominal HGaMANALYsIsFrRaMEWORK and this particular final state. The
HGAMANALYSISFRAMEWORK is the nominal diphoton analysis framework and is detailed
in Section 5.1. The Madala framework was developed to assist the bridging process. This

framework was developed by our group and is set up in such a way that it runs over the standard
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MxAODs produced by the HGamTools package coupled to the HGAMANALYSTISFRAMEWORK
and produces even smaller files called ntuples in which only information relevant to the
h(—yy)+ EITrliSS analysis is stored and used to produce all the important physics figures and
quantitative estimates. The Madala framework is named "Mad2s" and can run over all data
and MC in MxAOD format. The upside of running over the centrally produced MxAODs is
that they process much faster than DxAODs and any issues with the MxAODs are dealt with
quite rapidly by the mainstream /& — yy analysis team. The output ntuple files produced by the

Madala framework are the ones utilized in producing the various physics results that follow.

7.4.2 Categorization results

The events in the ntuples produced by the Madala framework have essentially passed the nomi-

nal diphoton selection. As a result, the analysis categorization is performed at the ntuple level.

hard

The control distributions in Figure 7.2 correspond to S Emiss p%y and py

after selecting photon
candidates within 120 GeV < m,, < 130 GeV. The yy and yj contributions are normalized to
79% and 19% of the data yield, respectively. These values are estimated from a two-dimensional
sideband technique, which involves counting the number of events in which one or both photons
pass or fail the identification or isolation requirements. Slight discrepancies are observed in the
control distributions, but these do not affect the overall results. The inconsistencies are found
mainly in non-resonant backgrounds, which are estimated directly from data. Table 7.3 shows a
summary of the expected yields in the m,, range 122 to 128 GeV, where the expectation from
MC is normalized with its corresponding cross-section and the data luminosity. The SM Higgs
signal comprises all the SM Higgs samples that were summarized in Table 5.1 (ggF', VBF,
Wh, Zh and tth). Moreover, the background sample yields correspond to the MC summarized

in Table 7.1 of this chapter.

7.5 Signal and background parameterization

The signal and background yields are obtained by fitting analytical functions to the diphoton

invariant mass spectrum in each category. The parameters that describe the shape of the signal
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Figure 7.2: The distribution of (a) S Emiss> (b) p?, and (¢) pl%ard after the selection of diphoton
candidates in 120 GeV < my, < 130 GeV and making the SV selection. Expected distributions
are shown for data and various MC including signals corresponding to the various models,
where for the heavy-scalar model mpg =275 GeV and scalar DM m, = 60 GeV are considered.
These signal points that are overlaid represent the model kinematics. The hatched bands
represent the quadratic sum of the MC statistical and experimental systematic uncertainties in
the total background, while the theoretical uncertainties in the background normalization are
not included. The rightmost bin shows the overflow events and the asymmetric error bars on
data points come from Poissonian confidence intervals at 68% confidence level [18].
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Table 7.3: The event yields in the m,, window 122 GeV to 128 GeV. The expectation from MC
is normalized with its corresponding cross-section and to 36.1 fb~! data luminosity.

Cuts Signal SM Vy Vyy YY Y] Data
Moy 587.86 1582.65 97.22 4640 31276.97 8019.14 41030
Mono—Higgs 18.33 2.25 .72 1.18 2.36 1.82 7
High—E?‘sS 40.44 3.78 3.83 3.20 15.78 7.46 47
Int. E7" 74.77 10.17 6.78  3.65 163.14 60.41 269
Diff. vertex | 50.80 34.44 408 191 701.61 283.42 897
Rest 368.12 1227.23 73.95 33.23 22280.03 5665.75 28364
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Figure 7.3: An illustration of the double-sided Crystal Ball function and its parameters, for a
signal mass m, = 600 GeV. The various parameters are elaborated on in the text.

are obtained from simulated signal samples. On the other hand, analytical models used for the

background shape are chosen using simulated background samples and the values of their free

parameters are determined from fits to data.
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7.5.1 Signal modelling

The signal parameterization is performed on a fixed Higgs mass of 125 GeV where the mass
distribution for the signal is modelled from MC simulations as the sum of a double-sided
Crystal Ball (DSCB) function for the all the categories. Figure 7.3 shows an illustration of the
DSCB function and its parameters. The DSCB function modelling method is described in more

detail in Reference [128] and is defined as follows:

.2 .
PRac if —aLow =t = amigh
-0.5a2
e Low .
AR 7y prm—— if # < —@Low (7.1)
"Low \ “Low ;w
-0.5a%;.
e High .
: ift>agy;
“High ("High oo THigh High
"High \ “High 18

where the parameter N controls the all-inclusive normalization of the PDF, ¢t = Ampg/ocp,
Ampg = mpg — ucB, McB 1s the Gaussian component mean, o¢p is the Gaussian component
width, az0w (@figr) s the point at which the Gaussian becomes a power law on the low (high)
mass side, and nz, (ng;gn) is the exponent of this power law.

Taking into consideration all the SM Higgs and heavy-scalar signal MC at mpg = 125 GeV,
the signal model that is parametrized as a function on the Higgs boson mass is estimated.

Various fits on a signal using 13 TeV MC simulation are shown in Appendix C.

7.5.2 Background modelling

The shape and normalization of the background distribution are attributes that need to be
well comprehended in order to accurately measure the number of signal events in data. This
is achieved by essentially fitting analytical functions to the background distribution in data.
Following this, the selected background model corresponds to the function that introduces the
least amount of bias to the signal yield.

The normalization and the shape of the non-resonant background are obtained by fitting
the diphoton invariant mass distribution in data for each of the categories. A range of analytic
functions are considered for the non-resonant background modelling: exponential functions

of different-order polynomials, Bernstein polynomials of different order and an adapted dijet
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Table 7.4: The analytic functions used to model the non-resonant m,, distribution, the un-
certainty in the signal due to the non-resonant background modelling (AN gzg_’es ) and the
relative uncertainties in the expected non-resonant background and signal for each category.
The signal yields used to estimate the relative uncertainty in the signal corresponding to the
various categories are calculated in the 120 < m,,, 130 GeV range. The variable x is defined by

myy/+/s and a and b are the background function parameters. In the Rest category case, Cg
are binomial coefficients while b 3 are Bernstein coefficients [18].

Category Function ANpRTes  ANp2R=TesINgon="e %] ANpen~"*/Nyignat [%]
Mono-Higgs exp(a.x) 1.2 9.8 6.0
High-Ef'ss (1-x13)0 x@ 2.7 4.0 11.0
Int. E'° exp(a.x+b.x2) 5.8 1.3 14.0
Diff. vertex exp(a.x+b.x?) 8.4 0.5 26.0
Rest Yo Cin/(1-2)* Vb5 61 <0.1 28.0

function [177]. The choice of analytic function to model the background is attached to a
potential bias which is referred to as the non-resonant background modelling uncertainty
(AN Z]‘e’g_’es ). The spurious signal used is equal to the bias on the signal yield caused by the
choice of a particular background parametrization. The uncertainty is estimated (for each
category) as the signal yield extracted from a signal+background (S+B) maximum likelihood
fit to a background-only diphoton invariant mass distribution with small fluctuations.

In this study yy, yj, Vy and Vyy background processes are considered. The yy and yj
samples are normalized to the data side bands at the m,,, window cut with 79% and 19% of
the data yields, respectively. In actual fact, the yj sample is the same as the high statistics yy
sample except that it is reweighted to the Anti-ID data S s shape and to the yj rate using the
purity measurement. The Vy and Vyy are normalized to their corresponding cross sections.
Finally, the samples are all merged and used as inputs to the spurious signal test.

Various functions are tested and for each functional form, several fits are made by varying
the position of the signal peak. The criteria for a function to pass a quantity requirement is
that the spurious signal value over the fit uncertainty has to be as small as possible ideally. In
other words, among the different analytic functions, the parameterization with the smallest
AN g;:g_r €5 or that with the least number of free parameters when the same AN g}‘e’;_r €5 values
are obtained, is chosen as the nominal background parameterization to describe the non-resonant
background shape. In addition to this, a y? test is performed in order to make certain that the

selected fit is compatible with data in each category. Table 7.4 shows the selected analytic
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functions along with their non-resonant background modelling uncertainties corresponding to
each category, whose values are taken as estimates of the systematic uncertainties due to the
choice of parameterization. The results of the direct fit method to the various categories are

shown in Appendix C.

7.6 Systematic uncertainties

The systematic uncertainties from both experimental and theoretical sources affect the signal
efficiency and the SM Higgs background yield estimated from simulated MC samples. The

major sources of uncertainties are briefly discussed in this section.

Table 7.5 shows a summary of the experimental and theoretical uncertainties with respect to
the yield of the background from SM Higgs boson processes, non-resonant background as well
as signal production. Since the parameters of the non-resonant background model are extracted
from the fit, the only systematic uncertainty related with the background model is the spurious
signal discussed in Section 7.5.2. The nuisance fit parameters are profiled are profiled in the fit,
obtaining their values mostly from the side-bands. The uncertainty impacts the sensitivity of

the analysis, as expected.

7.6.1 Experimental uncertainties

The uncertainties corresponding to the various objects are calculated by applying the combined
performance (CP) group recommendations. The CP group is dedicated to optimizing object
identification and selection. The uncertainties are calculated by shifting object values up and
down and each shift is compared to the nominal case and the relative shift in the number of
selected events is considered. The most important uncertainties in this analysis are those in jet
energy scale, resolution and jet vertex tagger which are propagated to the E?iss calculation.
These need to be taken into account in order to avoid misreconstruction of £ ?iss, which can
lead to the migration of events among categories. The experimental uncertainties are discussed

as follows:
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Table 7.5: A breakdown of the dominant systematic uncertainties in the range of 105 GeV <
myy < 160 GeV. The impact of uncertainties on the yield of the SM Higgs boson processes is
shown. All production modes of the SM Higgs boson are considered together unless otherwise
stated. Representative values for the impact on the four analysis categories are shown, unless a
given source has very different impacts on different categories, in which cases the largest and
the smallest impacts are shown separately. Values for the impact on all categories are shown
and in the cases where the value is substituted by a “—", the systematic uncertainty is not
applicable to the sample [18].

Source Signals [%] Backgrounds (SM Higgs) [%]
Experimental

Luminosity 3.2 -
Trigger efficiency 0.4 -
Vertex selection <0.1 -
Photon energy scale 0.1-2.0 0.1-1.4
Photon energy resolution 0.1-0.2 0.1-1.1
Photon identification efficiency 2.9-4.3 1.9-3.8
Photon isolation efficiency 1.2 0.8-1.6
E?iss reconstruction (diphoton vertex) < 0.1 0.5-1.9
E%“SS reconstruction (jets, soft term) 1.0-1.4 0.8-23
Diphoton vertex with largest ) pzT <0.1-1.9 0.1-6.0
Pileup reweighting 0.2-5.6 0.7-11
Non-resonant background modelling - 0.1-9.8
Theoretical

Factorization and renormalization scale 0.6-11 2.5-6.0
PDF+a;, 11-25 1.2-2.9
Multiple parton-parton interactions <1 0.4-5.8
B(H — vy) 1.73 -

* The 3.2% uncertainty in the combined 2015 and 2016 integrated luminosity is derived
from a calibration of the luminosity scale using x-y beam separation scans performed in

2015 and 2016 following a method similar to that used in Reference [178].

* The efficiency of the diphoton trigger is evaluated in MC using a trigger matching
technique and in data using a bootstrap method [179]. The trigger efficiency uncertainty

is found to be 0.4% in the 105 GeV < m,, < 160 GeV diphoton mass window.

* The vertex selection uncertainty is obtained by comparing photon-pointing vertices in

Z — ee events in data and MC simulation, whereby each electron track is discarded
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and its corresponding cluster is recalibrated as that belonging to a photon [180]. The

efficiency in data agrees with that in the MC within 0.01%.

» Systematic uncertainties due to the photon energy scale and resolution inherit from Run
1 results [128], with slight updates in case of corrections using the Run 2 data. The
uncertainty in the energy scale is less than 1% while that in the energy resolution is less

than 2%.

* The uncertainty in the photon identification efficiency [181] is obtained from the dif-
ference between applying and not applying the corrections to the EM shower shape
variables (summarized in Table 4.1) in simulation. The uncertainty is found to be less
than 3.8% for SM Higgs background in all categories, 2.9% for simplified model samples,

and 4.3% for the heavy-scalar model.

* The uncertainty in the photon calorimeter isolation efficiency is obtained from the
efficiency differences between applying and not applying corrections derived from
inclusive photon events to the isolation variables in simulation. The use of the inclusive
photon events helps to derive the efficiency uncertainty in the photon track isolation
uncertainty. This value is found to be less than 1.6% for the SM Higgs background and

1.2% for all signal the samples.

* The systematic uncertainties in the scale and resolution of the E%ﬁss soft term are esti-
mated in 2016 data using the method described in Reference [156]. The overall jet and
E?iss uncertainties in the SM Higgs processes are as follows for the various categories:
6% (Mono-Higgs), 8% (High—EITniSS), 23% (Intermediate—E‘%ﬁss), 22% (Different vertex)
and 1% (Rest). In the case of the signal processes, the overall jet and EIT’rliSS uncertainties

are between 1.0 to 1.4%.

* The choice of diphoton vertex also has an effect on the reconstruction of E%‘iSS as
discussed in Chapter 6. This introduces an uncertainty which is derived from data/MC

comparisons in Z — ee events, affecting processes without genuine E11'**. The uncertainty
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is found to be 0.5% in the Mono-Higgs category and up to 1.9% in the other categories

(SM Higgs production cases) and also found to be less than 0.1% for signal processes.

* Requiring the diphoton primary vertex to be the vertex with the largest }_ p% in the event
introduces a 6% uncertainty in the SM Higgs boson production in both the High—E%liSS
and Intermediate—E%1iSS categories and a 1.8% in the heavy-scalar signals in the same

categories.

* The pile-up reweighting uncertainty is given by 0.2-5.6% in the signal event yield and is

included by propagating it through the event selection.

As already mentioned, since the non-resonant background contribution is extracted from the
data, it is not affected by the same systematic uncertainties that characterize the MC simulation.
The potential bias (AN g}fg_’es) is added as a systematic uncertainty in order to account for
the possible impact on the fitted signal yields of non-resonant background mismodelling. In
fact, this is the leading systematic uncertainty of the analysis but is only one third as large as
the statistical uncertainty. The ratio AN g,‘e’g"es/N g,gg"es in the diphoton mass range 120 GeV
< myy < 130GeV is given by 9.8% for the Mono-Higgs category, 4.0% for the High—E?iSS,
1.3% for the Intermediate—ErTniSS, 0.5% for the Different vertex category and 0.1% for the rest
category.

The experimental systematic terms derived from the MxAODs on the heavy-scalar model

(corresponding to mpg = 275 GeV and m,, = 60 GeV) for all the categories are documented in

Appendix C of this documentation.

7.6.2 Theoretical uncertainties

The breakdown of the theoretical uncertainties is as follows:

* Uncertainties due to missing higher-order terms in perturbative QCD affect the predicted
cross sections of the SM Higgs-boson and signal processes. The uncertainties are esti-
mated by varying the factorization and renormalization scales up and down from their

nominal values by a specific factor and in turn recalculating the cross section in each
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case, taking the largest fluctuation from the nominal cross section as the systematic
uncertainty [182]. The uncertainties obtained are 0.6-11% for signal and 2.5-6.0% for

the SM Higgs boson processes.

* The PDF+a; uncertainties are estimated using the PDFALHC recommendations [182]
and are found to be 11-25% for all the signal processes. The systematic uncertainties
introduced by the multiple parton-parton interactions are estimated using PYTHIAS.
The uncertainties are found to go up to 1.4% in the Mono-Higgs category, 3.4% in the
High—EITniSS, 3.8% in the Intermediate—E’?iSS, 5.8% for the Different vertex category and

0.4% for the rest category.

* The uncertainty in the branching fraction of H — y7y is found to be 1.73% [182].

7.7 Statistical analysis

The extended likelihood fits are performed simultaneously on the m,, shape over all the

categories using the S+B model which is described by the following formula:

L. = Pois(neNO)- [ folm',0)-G(O), (7.2)
i=1

where the Os are the nuisance parameters representing the systematic uncertainties. G(6)
represents the Gaussian constrain terms which constrain the systematics. N, represents the
predicted event yields, summing up the BSM signal, the SM Higgs and the background yields

in each category as follows:

ield ,migr ield ,mi,
Nc = .NBSM,C(Q(}}’ 790 & )+NHiggs,c(QZ ,Qc gr) +kag,c +Nspur,c : espur,c, (73)

The main function comprises the BSM shape, the SM Higgs shape and the background
shape. The BSM and SM Higgs shapes are parametrized by the DSCB function as described in
Section 7.5.1. The SM Higgs strength is fixed to its MC prediction while the BSM signal yields

are parametrized by u (measured BSM yields over its prediction). The background function
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form is decided as in Table 7.4 and the parameter of the exponential function is restricted to
be negative. The Gaussian constrained terms are appended in the main function and the f,

represents the shape of the signal and backgrounds collectively:

fc(mi’Y) =[(p- NBSM:C + NHiggs,C + Nspur,c : Gspur,c) : fS,c(m;./Y, Qg}’l:pe) (7.4)
+ Npkg,c - fbkg,c(m;.fy,ezlﬁZf)ce)]/Nc- (7.5)

The test statistics are defined as the likelihood ratio:
L(u,0,)

£(0,0)°
Toy experiments are generated in order to calculate limits and quantify a significance due to

AMu) = —21n (7.6)

a lack of statistics [183]. The fit result both individually and simultaneously on each category
are shown in Section 7.8. The ATLAS and CMS statistical analysis agreement on how to set

limits in Higgs boson searches is detailed in Reference [184].

7.8 Results

As highlighted in Section 7.7, the results for this analysis are derived from a likelihood
fit of the m,, distribution in the range 105 GeV < m,, < 160GeV. Figure 7.4 shows the
m.y distributions in the five categories as well as the fitted contribution of a heavy-scalar
boson. The SM Higgs boson mass is set to 125.09 GeV [185] and the impact due to the SM
Higgs mass uncertainty is considered to be negligible. The signal strength, background shape
parameters and nuisance parameters representing the systematic uncertainties are set to be free
parameters [183]. The uncertainty of each nuisance parameter is obtained by multiplying the
likelihood by a Gaussian penalty function centered on the nominal value of this parameter
with a width set to its uncertainty. Moreover, the nominal value of each SM Higgs background
nuisance parameter is obtained from the simulation that is normalized to the SM theoretical
predictions. The results for the Z}; and Z’-2HDM models are obtained from the Mono-Higgs
category alone whilst those for the heavy-scalar are obtained from a simultaneous fit of all the

categories at hand.
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Table 7.6 shows the event yields in the observed data, expected signal and backgrounds in
the five categories within a window of 120 GeV < m,, <130 GeV. The heavy-scalar signal
corresponds to my = 275 GeV and m, = 60 GeV and the efficiency times acceptance denoted
by A x e is also shown for this model. The non-resonant background yields are retrieved from a
fit to data while those for the SM Higgs boson are estimated from simulation events. The overall
uncertainties are obtained from the quadrature sum of the statistical and systematic uncertainties.
From the fitted contributions to my, in Figure 7.4, no significant excess is observed in any
category. In the heavy scalar interpretation, the 95% CL upper limits on the o(pp — H) x B(H
— yyxx) as a function of mg for m, = 50 GeV and m, = 60 GeV are shown in Figures 7.6
and 7.5 , respectively. A 100% branching fraction is assumed for H — hyy. No significant
excess is observed as well. For the scenario with a DM mass of 50 GeV, the 95% CL upper
limit is 12.6 fb for myg =260 GeV, and 3.3 fb for mgy = 350 GeV as shown in Table 7.7. For
my = 60 GeV, the 95% CL upper limit is 15.4 tb for my = 260 GeV, and 4.3 fb for my =
350 GeV as shown in Table 7.8.

7.9 Conclusions

A search for DM in association with E%’iss and a Higgs boson decaying to two photons in
association with EIT’fliSS has been presented [3, 6, 18]. This study is based on data corresponding
to an integrated luminosity of 36.1 fb! of pp collisions at the LHC at a center-of-mass energy
of 13 TeV. The results of this analysis are interpreted in the context of the heavy-scalar model
or Madala hypothesis. For this search a 95% CL upper limit of 10.3 (10.7) fb is set on the
production cross section times the branching fraction of H — hyy — yyxyx, for mg =270 GeV
and a DM particle of 50 (60) GeV, where a 100% branching fraction is assumed for H — hyy.
No significant excess over the expected background is observed. The heavy-scalar model is
excluded for all the benchmark points investigated. However, the benchmark point assumes
100% branching ratio, which is an extreme case, thus we have to look at other decay channels
to observe possible excesses. In future, it would also be useful to explore cases where the

branching ratio is not 100% with more data.
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Figure 7.4: The diphoton invariant mass distributions for data and corresponding fitted signal
and background in all the five categories, (a) Mono-Higgs category, (b) High-E?iss category,
(©) Intermediate-E%1iSS category, (d) Different-Vertex category and (e) Rest category. On each
distribution, the simultaneous fit result including heavy scalar signal (solid red line), SM Higgs
boson (solid green line) and the non-resonant background (dashed blue line) are shown as well
as the total of all those contributions (solid blue line). The fitted heavy scalar model signal
shown here corresponds to my = 275 GeV and m, = 60 GeV [18].
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Table 7.6: Event yields in the range of 120 GeV < my, < 130 GeV for data, signal models, the
SM Higgs boson background and non-Higgs boson backgrounds in each analysis category
corresponding to an integrated luminosity of 36.1 fb~!. The signal sample for the heavy
scalar model corresponds to mpg =275 GeV and my = 50 GeV and my = 60 GeV, respectively.
The selection efficiency times acceptance denoted as “A x €” is also shown. The yields for
non-resonant background are obtained from a fit to data in the side bands (excluding m,, in
the range [120,130] GeV) while SM Higgs boson events are estimated from simulation. The
uncertainties showed corresponds to the total of statistical and systematic uncertainties [6].

Category Mono-Higgs High-E%liss Intermediate-E';liss Different-Vertex Rest
Data 9 72 464 1511 46804
Backgrounds
SM Higgs boson  2.43 + (.22 42 +0.6 11.9+2.7 44 + 10 1360 + 110
Non-resonant 99+1.9 62+5 418 + 10 1490 + 18 45570 + 110
Total background  12.3 + 1.9 67 +5 430 + 10 1535 + 21 46930 + 170
Heavy scalar, mg =275 GeV, m,, = 50 GeV
Expected yields 99+1.3 32+4 52+6 42+ 6 198 + 18
A xe (%) 1.11 £0.07 3.62+0.13 5.81 +£0.17 473 +0.17 223 +04
Heavy scalar, mg =275 GeV, m,, = 60 GeV
Expected yields 109+ 14 23.8 +£3.2 43+ 5 33+5 222 + 20
A xe (%) 1.22 £0.07 2.67 £0.10 482 +0.14 3.65 +0.13 249 +04
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Figure 7.5: The expected and observed 95% CL exclusion upper limits on the heavy-scalar
boson H production cross section times the branching ratio BR(H — hyy, h — yy) with a
DM candidate of mass 50 GeV as a function of the heavy scalar boson mass in the range
[260,350] GeV. The theoretical prediction for these two models (dark-blue lines with blue
bands representing their associated theoretical systematics) are also shown [6].
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Figure 7.6: The expected and observed 95% CL exclusion upper limits on the heavy-scalar
boson H production cross section times the branching ratio BR(H — hyy, h — yy) with a
DM candidate of mass 60 GeV as a function of the heavy scalar boson mass in the range
[260,350] GeV. The theoretical prediction for these two models (dark-blue lines with blue
bands representing their associated theoretical systematics) are also shown [18].

Table 7.7: The 95% CL observed and expected limits (in fb) on the signal pp — Ay} cross
section times BR(2 — y7y) and the associated expected 1 o deviation limits for the heavy scalar

benchmark model for various mediator masses and m, = 50 GeV [6].

mpy (GeV) m, (GeV)

Observed Expected Expected +10 Expected -1 o

260
270
275
280
285
290
295
300
310
320
330
340
350

50
50
50
50
50
50
50
50
50
50
50
50
50

12.6
10.7
10.8
10.0
9.3
8.9
8.4
8.2
6.6
5.3
4.5
39
33

12.1
10.8
9.9
8.9
7.9
8.0
7.7
7.1
6.2
5.0
4.3
3.8
3.5

17.5
154
14.2
12.9
12.0
11.5
11.1
10.1
9.0
7.1
6.2
5.5
5.0

8.7
7.7
7.1
6.4
5.7
5.7
5.6
5.1
4.5
3.6
3.1
2.7
2.5
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Table 7.8: The 95% CL observed and expected limits (in fb) on the signal pp — Ay} cross
section times BR(2 — yy) and the associated expected 1 o deviation limits for the heavy scalar
benchmark model for various mediator masses and m, = 60 GeV [6].

mpg (GeV) m, (GeV) Observed Expected Expected +10 Expected-1o
260 60 15.4 15.5 22.3 11.2
270 60 12.9 12.6 18.0 9.1
275 60 12.0 11.4 16.4 8.2
285 60 10.8 11.1 14.3 7.3
290 60 9.9 9.1 13.0 6.6
295 60 9.6 9.0 12.8 6.5
300 60 8.8 7.9 114 5.7
310 60 8.0 7.4 10.6 53
320 60 6.8 6.1 8.8 4.4
330 60 5.7 5.5 7.9 4.0
340 60 4.8 4.6 6.6 3.3
350 60 4.3 4.2 6.1 3.0
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CHAPTER

SEARCH FOR A NEW RESONANCE IN THE DIPHOTON

DECAY IN ASSOCIATION WITH E“T“SS WITH RELEASE 20

n November 2016, an excess was studied with a diphoton invariant mass around 248 GeV
associated with moderate E?iss with 2015+2016 data [3, 6, 18]. This is statistically
consistent with the first assessment of the mass of H, described in Section 1.4. Motivated
by this excess, a study was performed with Run 1 data where a similar excess was found. It is
of interest to find out whether this excess is real or not with more data. In this effort, an analysis
strategy has been put in place. The strategy proposed here is that events be categorized based
on 2015+2016 data due to the lack of suitable MC in order to be able to search for the same

excess in 2017 data in both diphoton and Zy final states.

This chapter is organized as follows: Section 8.1 introduces the analysis and Section 8.2
details the data and MC production specific to this analysis. Section 8.3 discusses the same
vertex tuning method in the context of this analysis. Section 8.4 details the analysis of the
excess. Section 8.5 describes the event selection and categorization, which is an extension of the
content discussed in Chapter 4. Section 8.6 details the signal and background parameterization
and the statistical analysis is discussed in Section 8.7. Finally, the results are captured in

Section 8.8 and Section 8.9 summarizes the entire study.
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8.1 Introduction

It is clear from this thesis documentation that Higgs boson studies at the LHC have facilitated
BSM physics exploration. The search for new physics in association with a EITniSS signature
discussed previously stimulated the development of studies that allow the scrutiny of possible
excesses throughout the entire E?iss region. Prior to the development of the SV method
discussed in Section 6.3.2, it had been particularly intricate to study any excess in the low and
intermediate E?i“ region. Thus, a formulation of this method has allowed us the opportunity
to investigate any excesses in this regime. Its ability to suppress fake E?iss contamination in
this region makes the SV method very valuable.

The excess under scrutiny is mainly observed in the intermediate E?iss and two central jets
region, with some of it also observed in the zero and one jet regions. The fact that this excess is
observed in events with E?iss makes it difficult to decide on the E?iss selection criteria only.
As a result of this dilemma, a scan on both EITIliss and E?iss significance is employed. The final
selection is settled based on the position of the largest signal significance. The studies captured
in this chapter are done with ATLAS Release 20 (R20) based on 2015+2016 data. In the next
chapter, a re-optimization is done using ATLAS Release 21 (R21) based on 2015+2016 data in

search for this resonance.

8.2 Data and simulation samples

Data collected in 2015+2016 at /s = 13 TeV is used in this analysis. As already mentioned,
the events that are considered are those recorded under stable beam conditions with the detector

functioning efficiently. The 201542016 data used corresponds to an integrated luminosity of

36.1fb L,

8.2.1 Signal samples

In an effort to understand the features in data, a simplified effective approach was implemented

whereby a Higgs-like scalar boson H is assumed to produce a diphoton signal through Higgs-
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(a) b)

Figure 8.1: Schematic diagrams of the production and decay of the scalars in the simplified (a)
RSH model and (b) AZH [15].

like couplings to the weak bosons. In this regard, two different approaches discussed in this
section are taken into consideration.

Figure 8.1a shows the RSH model which assumes the production of a heavy scalar R
through ggF'. This heavy scalar R then decays to the scalar H in association with another
CP even scalar S which was introduced in Section 1.4. This H boson then decays to two
photons, which is a necessary decay in order to study a diphoton peak around m, =~ 250 GeV.
Moreover, the S boson can decay either to a pair of jets or neutrinos, allowing us to study the
behaviour of diphoton final states in association with E?iss. In order to ensure that R — SH is
on-shell, a decision was made to fix mpg =450/420 GeV and mg = 160 GeV. On the other hand,
Figure 8.1b shows the AZH model in which a pseudoscalar A boson decays to ZH. Similarly,
the H decays to two photons where the Z can decay either to jets or neutrinos. The mass of the
pseudoscalar was considered at m 4 = 350/400 GeV, in order to ensure that A — ZH is on-shell.
The RSH and AZH signals were generated using PYTHIAS8 and are summarized in Table 8.1

and all truth level validation distributions can be found in Reference [15].

8.2.2 Background samples

As discussed in Section 7.2.2, the dominant background contributions to the m,, spectrum
originate from the SM A — yy and yy, yj, Wy, Zy, Wyy and Zyy events. Table 5.1 summarizes
the production of the SM A — yy samples and Table 5.2 summarizes that of the prompt diphoton

background MC samples. As in the previous analysis case, all the backgrounds used in this
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Table 8.1: A list of the signal samples used for H — yy using the RSH and AZH models [15].

Hard process

Mass point

Decays

Generator setup

gg—~A—-ZH
gg—A—-ZH
gg—A—-ZH
gg—-A—-ZH
gg—R—-SH
gg—R—-SH
gg—R—-SH
gg—R—-SH

my =400 GeV
m 4 =400 GeV
m4 =350 GeV
m4 =350 GeV
my =450 GeV
my =450 GeV
m 4 =420 GeV
m 4 =420 GeV

Z—jj
Z —vv
Z—jj
Z —vv
S—jj
S —vv
S—jj
S —wvv

PvyTaIAa8, Al4, NNPDF23L.O
Pyrtuiag, Al4, NNPDF23LO
PvyTuIa8, Al4, NNPDF23LO
PyTtHIa8, Al4, NNPDF23LO
PyTHIAS, Al4, NNPDF23LO
PvyTaIA8, Al4, NNPDF23L.O
Pyrtu1iag, Al4, NNPDF23LO
PvyTtu1iag8, Al4, NNPDF23LO

analysis are summarized in Table 7.1.

8.3 The same vertex boundary tuning method

This section presents the performance of the tuning of the SV method selection in the
2015+2016 data conditions corresponding to an integrated luminosity of 36.1fb™!. As dis-
cussed in Section 6.3.2, the SV selection requires the photon pointing vertex to be the same
hardest vertex in an event, which implies that the photon pointing }_ p% ought to be larger
than any pile-up vertex ). p%,. In order to gauge the effects of tuning the SV cut boundary, we
observe the effects on EITniSS and S Emis performance. I performed this study by tuning the SV

boundary as follows:
* Selected vertex Y. p% — pile-up vertex ¥ p% > 0
* Selected vertex ). p%, — pile-up vertex ). p2T > -100
» Selected vertex }. p?,, — pile-up vertex . p?,, > 100
» Selected vertex ). pzT — pile-up vertex ). pzT > 200
* Selected vertex ). p% — pile-up vertex }. p% > 400
 Selected vertex ). p2T — pile-up vertex ). p%, > 1000

Figures 8.2, 8.3, 8.4 and 8.5 show the S Emis distributions for various SV selection cuts and

different jet multiplicity bins (O-jet, 1-jet and at least 2-jet cases). The similar distributions
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corresponding to E?iss can be found in Appendix D. The variations are checked in 2015+2016
data, anti-OnelD data, Sherpa yy, Vy, Vyy, Wh125, Zh125, ggZh, heavy scalar signal and
mono-Higgs signals [15]. The anti-OnelD data represents the yj sample, which is produced by
requiring only one of the two photons in the selection to pass the reverse isolation criteria. For
simplicity, this section only shows those corresponding to data, Wh 125, heavy scalar signal and
mono-Higgs signals. Each distribution corresponds to overlaid histograms for the various SV
selection cuts for each sample in order to observe the evolution. That is, the idea is to basically
observe the effect of tuning the SV selection on the events in each of the samples. In order to
remove Z — ¢/¢,jj events in the signals, I make a cut of E%‘iss truth > 10 GeV.

From the distributions we observe that a substantial amount of the mono-Higgs events
survive by simply adjusting the SV selection cut while maintaining background suppression.
Also, binning in the number of central jets proves to be useful for the various analyses depending
on the EITniSS or S Emiss cut. For all the samples, the SV cut in which the selected vertex Y p% -
pile-up vertex }. p%, > -100 seems to allow for more events to survive than in the other cases,
with the events passing the nominal SV selection being the second highest. As a result of
this study, one can essentially tune the SV cut to allow for the maximum number of events to
survive. In other words, depending on the E ?iss or S Emiss cut, one can fine tune the SV selection
boundary to allow for maximum survival of events for various models. This study is of great
importance as it can aid in the optimization of the event selection in future alongside the BDT
studies documented in Reference [15] which can also improve the analysis by considering
more variables. At the moment the nominal selection is used and no tuning is applied to the

selection in this analysis as of yet, and this also applies to the results reported in Chapter 9.
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Figure 8.2: S Emiss distributions for 2015+2016 data for different same vertex cuts split into (a)
inclusive, (b) O-jet case, (c) 1-jet case and (d) =2-jet case [15].

8.4 Motivation for the resonance search

In this section, I perform an analysis on the excess observed in both Run 1 and Run 2 data,
respectively. This study acts as an incentive to pursue the 250 excess and thus motivates
this analysis. The model-independent excess check in Run 1 data is performed using 2015
data corresponding to 20.7 fb~! while that in Run 2 is performed using 2015+2016 data
corresponding to 36.1 fb~!. This is done by measuring the 250 GeV excess by cutting on E%ﬁss

and S Emiss and splitting into various jet bins.

8.4.1 The excess observed in data at /s =8 TeV

The excess in Run 1 data is measured by binning in E?iss and S Emiss» splitting into the at least

2-jet case and tuning the boundary using a 2D scan to find the maximum significance. This is
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Figure 8.3: S Emiss distributions for the Wh sample for different same vertex cuts split into (a)
inclusive, (b) 0-jet case, (c) 1-jet case and (d) =2-jet case [15].

done for 40 < EF'** < 100 GeV in 10 GeV intervals and 3.0 < Spmiss <5.0 VGeV in intervals
of 0.1. I fit the mass points for the different categories to the m,, spectrum and obtained the
significance and yields. Table 8.2 shows the scan results consisting of the significance and
corresponding yield values. For all the corresponding fits in Figure 8.6, the mass and width are
fixed to 248 GeV and o = 2.3 GeV, respectively. In the E?iss case, the maximum excess occurs

at E?iss > 40 GeV with a significance of 2.4 . In the Szmiss case, the maximum excess occurs
T

at S Emiss > 3.7 vGeV with a significance of 2.6 0.

In addition, the excess in the cases where S gmiss > 3.5 vGeV with a b-tagged jets require-
T
ment, a lepton requirement and photon barrel-endcap regions is also studied and are documented

in Appendix D.
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Figure 8.4: S Emis distributions for the heavy-scalar signal sample for different same vertex cuts
split into (a) inclusive, (b) 0-jet case, (c) 1-jet case and (d) =2-jet cas [15].

8.4.2 The excess observed in data at /s = 13 TeV

In this section, the excess check is performed using 2015+2016 data at /s = 13 TeV. The
excess is measured by also cutting on E?iss and S Emiss with different jet binnings as well as the

SV requirement. The jet binning is split into the O-jet, 1-jet, = 1-jet and = 2-jet cases.

For El%liss, the scan is done for 50 < E?iss < 150GeV in 10 GeV intervals and 3.0 < S Emis
<5.0V/GeV in intervals of 0.1. The fits require the leading photon to have p7 > 40 GeV and
the subleading photon to have pr > 30 GeV. For simplicity, and since the = 2-jet case has
the maximum significance, Table 8.3 shows scan results highlighting the significance and
corresponding yield values for the = 2-jet case. For the fits to the my, spectrum shown in
Figure 8.7, the mass and width are fixed to 248 GeV and o =2.7 GeV, respectively. In the case

of E?iss, the maximum excess occurs at E?iss > 70 GeV with a significance of 2.9 0. In the
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Figure 8.5: S Emiss distributions for the mono-Higgs signal sample for different same vertex cuts
split into (a) inclusive, (b) O-jet case, (c) 1-jet case and (d) =2-jet case [15].

case of S Emisss the maximum excess occurs at S Emiss > 3.2V/GeV with a significance of 4.0 o.
The excess is also observed in the 0-jet and 1-jet cases with a higher S Emiss cut than 3.2 vVGeV,
which is not an issue since a cut of S Emis > 3.2v/GeV covers most the excess. However, even
though the maximum significance occurs at S Emiss > 3.2v/GeV, due to pile-up sensitivity, we

set a cut of S Emiss > 3.5 vGeV, which fortunately still has a good significance.

The excess in the cases where S Emiss > 3.5v/GeV with b-tagged jets required, leptons
required and photon barrel-endcap regions considered are summarized in Table D.1 for the
Run 2 data case. Figures 8.8 and 8.9 represent the fit distributions to the my, spectrum. The
scans are done for S Emis > 3.5v/GeV, SV case and with at least two central jets for: photons
in the Barrel-Barrel region (BB), Barrel-EndCap region (BE), EndCap-Barrel region (EB) ,
EndCap-EndCap region (EE), number of b-tagged jets =1, number of b-tagged jets =2 and

number of leptons =1, respectively. The maximum significance is found in the EE region. It is
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Figure 8.6: Fit distributions corresponding to maximum significance for the case of (a) E?iss
and (b) Sgmiss. For the ET'™ case, the maximum excess occurs at ET"™ > 40 GeV with a
T
maximum significance of 2.4 . For the S gmiss case, the maximum excess occurs at S gmiss >
T T

3.7vGeV with a maximum significance of 2.6 o [15].
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Table 8.2: Significance and yield results for 40 < E?iss < 100GeV in 10 GeV intervals and 3.0
<S Eis < 5.0 VGeV in intervals of 0.1, split into = 2-jet case. Results are shown for Run 1

data corresponding to 20.7 fb~! of integrated luminosity. The highlighted rows correspond to
the maximum significance corresponding to the ET™ and S Emiss CUts, respectively [15, 16].

Cut Jet bin | Significance Yield
MET > 40 Nj>=2 2.358 28.5362 + 12.9309
MET >50 Nj>=2 1.342 10.3909 + 8.27619
MET > 60 Nj>=2 1.794 9.93088 + 6.19296
MET >0 Nj>=2 1.620 5.78028 + 4.13127

MET >80 Nj>=2 0.975 2.30379 £ 2.68973
MET >90 Nj>=2 0.425 0.610471 + 1.60779
MET > 100 Nj>=2 0.715 0.888182 + 1.45896

METSig>3.0 | Nj>=2 1.836 10.8556 + 6.56095
METSig>3.1| Nj>=2 2431 13.0422 + 6.1856

METSig > Nj>=2 2.447 12.2796 + 5.8456
METSig>3.3 | Nj>=2 2.173 9.87081 + 5.26359
METSig>3.4 | Nj>=2 1.255 5.14035 + 4.52972
METSig>3.5| Nj>=2 1.508 5.76767 + 4.35294
METSig>3.6 | Nj>=2 2.380 8.62251 + 4.4279
METSig>3.7 | Nj>=2 2.598 8.36392 + 4.06258
METSig>3.8 | Nj>=2 2.248 6.73313 + 3.73362
METSig>3.9 | Nj>=2 2.371 6.63405 + 3.56198
METSig>4.0 | Nj>=2 1.062 246734 £ 2.62864
METSig>4.1 | Nj>=2 1.408 3.0751 + 2.62695
METSig>4.2 | Nj>=2 1.811 3.7715 + 2.64643
METSig>4.3 | Nj>=2 1.889 3.9079 + 2.65345

METSig>4.4 | Nj>=2 1.802 3.77862 + 2.65364
METSig>4.5 | Nj>=2 1.446 2.85974 + 2.43703

METSig>4.6 | Nj>=2 0.807 1.35021 + 1.9454
METSig>4.7T | Nj>=2 0.876 1.32996 + 1.78491
METSig>4.8 | Nj>=2 0.990 1.4638 + 1.77798
METSig>4.9 | Nj>=2 1.042 1.5283 + 1.77911
METSig>5.0 | Nj>=2 1.205 1.71418 + 1.78023

worth noting that the excess observed in the EE region is similar to that in the BB region, but

with higher significance.

Figure 8.10 shows the significance as a function of S gmiss cut comparing Run 1 and Run 2,

T
where Figure 8.10a is the = 1-jet case and Figure 8.10a is the = 2-jet case. A very similar trend
in the evolution of the significance as a function of S s cut is observed in the two datasets,

which is ideal as this shows consistency in both datasets.
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Table 8.3: Significance and yield results for 50 < E?iss < 150 GeV in 10GeV intervals and
3.0<S Emis < 5.0 VGeV in intervals of 0.1, split into the SV case and = 2-jet case. Results
are shown for Run 2 data corresponding to 36.1 fb~! of integrated luminosity. The highlighted
rows correspond to the maximum significance corresponding to the E7™ and S Emis cuts,
respectively [15, 16].

Cut Vertex choice | Jet bin | Significance Yield
MET >50 Sv Nj>=2 0.877 13.0342 + 15.1201
MET > 60 N% Nj>=2 0.877 13.0342 + 15.1201
MET >170 SV Nj>=2 2.893 23.7735 + 9.18779
MET >80 SV Nj>=2 2.779 17.097 £ 7.07701
MET >90 Sv Nj>=2 1.855 8.76925 + 5.34343
MET >100 SV Nj>=2 1.532 5.84706 + 4.3261
MET >110 Y% Nj>=2 1.798 6.03155 + 3.94548
MET > 120 Sv Nj>=2 1.969 5.81573 + 3.59446
MET >130 Sv Nj>=2 1.161 2.99022 + 2.98073
MET > 140 NY% Nj>=2 0.819 1.85757 +2.52533
MET > 150 Sv Nj>=2 0.916 1.97783 + 2.43899
METSig>3.0 NY% Nj>=2 3.565 342977 + 10.8189
METSig>3.1 Sv Nj>=2 3.755 33.9821 + 10.3033
METSig>3.2 Y% Nj>=2 4.026 34.5717 + 9.93303
METSig>3.3 N% Nj>=2 3.335 26.7088 + 9.12643
METSig>34 Y% Nj>=2 3.270 24.7557 + 8.66963
METSig>3.5 NY% Nj>=2 3.625 25.5593 + 8.25009
METSig>3.6 % Nj>=2 3.238 21.1971 + 7.62182
METSig>3.7 Sv Nj>=2 3.337 20.6354 + 7.28872
METSig>3.8 NY% Nj>=2 2.760 15.6949 + 6.6284
METSig>3.9 Sv Nj>=2 2.582 13.752 + 6.18765
METSig>4.0 NY% Nj>=2 1.773 8.69624 + 5.48787
METSig>4.1 Y% Nj>=2 1.739 8.14998 + 5.28494
METSig>4.2 Sv Nj>=2 1.825 8.20341 + 5.10299
METSig>4.3 NY% Nj>=2 2.273 9.75719 + 5.0485
METSig>44 Y% Nj>=2 2.383 9.93055 + 4.95775
METSig>45 Y% Nj>=2 1.538 5.91205 + 4.35318
METSig>4.6 NY% Nj>=2 1.531 5.69982 + 4.23225
METSig>4.7 Sv Nj>=2 0.402 1.36505 + 3.5718
METSig>4.8 Y% Nj>=2 0.069 0.235108 + 3.23268
METSig>4.9 SV Nj>=2 0.446 1.37301 + 3.21441
METSig>5.0 SV Nj>=2 0.138 0.410174 + 3.01656

8.5 Event selection and categorization

8.5.1 Object and event selection

Object reconstruction and event selection for this analysis also inherits from the diphoton
selections discussed in Sections 4, 5 and 6. The hard objects include photons, jets, electrons
and muons which are passed to the HGAMANALY s I sFrRaMEWORK where they are calibrated
as per the recommendations. Also, the E?iss which is a signature for this analysis 1s discussed
lengthily in Section 6. The Madala framework fetches all the events after the nominal diphoton
selection up to before the relative pr cut in order to allow for flexibility in the adjustment of the

m., window in the analysis. Unlike in the previous analysis, where we looked at events within
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Figure 8.7: Fit distributions corresponding to maximum significance for the case of (a) E?iss
and (b) S Emiss- In the case of ET™, the maximum excess occurs at E1™ > 70 GeV with a

significance of 2.9 ¢. In the case of S Emiss» the maximum excess occurs at S Emiss >3.2vGeV

with a significance of 4.0 o [15].

105 GeV < myy <160 GeV, in this resonance search we are interested in events passing 160 GeV

< myy <400 GeV to accommodate the excess of interest. All relevant E?i“ performance studies

are documented in Section 6.3.6.

8.5.2 Categorization

In this resonance search, the selected events are divided into categories based on the following

variables:

S fmiss
E?HS

YY
Pt

:El%liSS/ /ZET

SV = photon pointing vertex }_ p% — pile-up vertex ). p% >0

Number of central jets: O-jet case, 1-jet case and =2-jet case
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Figure 8.8: Run 2 data ErTniss fit distributions for S Emis > 3.5vGeV, SV case and with at least

two central jets for: photons in (a) Barrel-Barrel region (BB), (b) Barrel-EndCap region (BE),
(c) EndCap-Barrel region (EB) and (d) EndCap-EndCap region (EE), respectively [15].
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Figure 8.9: Run 2 data E%ﬁss fit distributions for S Emiss > 3.5vGeV, SV case and with at least
two central jets for (a) and (b) number of b-tagged jets =2 and (c) number of leptons =1 [15].
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Figure 8.10: Distributions showing significance as a function of S Emss cut comparing Run 1
and Run 2 for the (a) = 1-jet and (b) = 2-jet cases [15].

Table 8.4: A summary of the set categories [15].

Category name Requirements
Inclusive Inclusive
UPMETNj0 | Sgms > 3.5 vGeV, SV, Njes = 0
UPMETN;1 Sgniss > 3.5 VGeV, SV, Njeis = 1
UPMETN;2 S Emiss > 3.5 VGeV, SV, Njeis >=2

Table 8.5: The cutflow for data and MC including the statistical uncertainties. Normalized to
36.1fb71 [15].

Cuts Vy Vyy YY Yi Data
Inclusive | 532.49 32493 163339.95 3957140 197857
UPMETN;j0 | 18.57 16.99 567.04 235.23 899
UPMETN;j1 | 27.15 26.65 686.62 241.93 1168
UPMETN;2 | 32.34 3940 561.62 181.65 990

The most captivating case is the =2-jet case because it possesses the largest observed
excess as shown in Section 8.4. The categorization of the events is summarized in Table 8.4 as

motivated previously and the corresponding data and MC yields are shown in Table 8.5.

Figures 8.11 and 8.12 show the control distributions corresponding to different variables for
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various regions. The data and MC comparisons in the inclusive and =2-jet regions are shown in
Figure 8.11 and 8.12, respectively, using 36.1 fb~1 201542016 data. The background samples
used include Sherpa yy, Sherpa yj, Vy and Vyy. The SM Higgs signal comprises all the
SM Higgs samples: ggF, VBF, Wh, Zh, tth and bbh. Control distributions corresponding
to the remaining categories are documented in the supporting note in Reference [15]. There
is reasonable agreement between data and MC for all the categories in the various control

distributions.

8.6 Signal and background parameterization

The modelling strategy employed here is similar to that of the A(— yy)+E$iSS analysis discussed
in Section 7.5. As already mentioned, the signal and background yields are obtained by fitting

analytical functions to the diphoton invariant mass spectrum in each of the categories.

8.6.1 Signal modelling

The physics model relevant to H(— yy) +E%1iSS is lacking in signal MC samples. As a result,
in order to gauge the signal shape, a validation is performed between the yy mass spectrum
of high-mass ZX — yy +E$iss and ggF — X signal models, under various central jet bins and
truth E'?iss cuts. It is found that the yy mass spectrum is not affected by the different central jet
bins and truth E%ﬂss cuts. We can therefore directly use ggF —X high-mass signal MC samples
at 150, 200, 250, 300, 350 and 400 GeV, with our set E?iss or central jet cuts.

The signal yield is extracted from the S + B fit and the diphoton invariant mass distribution
for a resonance of mass my is well modelled by the DSCB function which was detailed in
Section 7.5.1. Figure 8.13 shows the results of simultaneous fits of DSCB parameters as a
function of the invariant mass spectrum in data derived from all full simulation signal samples
inclusively. The signal shape at any intermediary mass value that does not correspond to
any simulated sample is obtained by assuming that each DSCB parameter has a functional

dependence on mx. In doing so, the parameters of such functions can be determined through a
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Figure 8.11: The distribution of (a) EX* (b) S g and (c) p¥" after the selection of diphoton

candidates in 160 GeV < my, < 400GeV, cutting on S Emiss >3.5 vGeV, making the SV

selection for the inclusive case. The distributions are done using 36.1 fb~! corresponding to
2015+2016 data. The expectation from MC is normalized with its corresponding cross-section
and the data luminosity and the normalizations of the yy and yj contributions are fixed to 79%
and 19% of the data yield [15].
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Figure 8.12: The distribution of (a) El{ﬁss (b) S Emis and (¢) p%y after the selection of diphoton
candidates in 160 GeV < myy, < 400GeV, cutting on S Emiss > 3.5 vVGeV, making the SV

selection and splitting into =2-jet. The distributions are done using 36.1 fb~! corresponding to
201542016 data. The expectation from MC is normalized with its corresponding cross-section
and the data luminosity and the normalizations of the yy and yj contributions are fixed to 79%
and 19% of the data yield [15].
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simultaneous fit to all the signal samples as represented in Figure 8.13 and the functions used

to describe the dependence are summarized in Table 8.6.
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Figure 8.13: The results of simultaneous fits of DCSB parameters as a function of the invariant
mass spectrum in data derived from all full simulation signal samples [15].

8.6.2 Spurious signal

The background is parametrized with an analytic function, where the function parameters and
the normalization are obtained from fits to the diphoton invariant mass distribution on data. The

choice of fit function for each category is made using MC background samples by measuring
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Table 8.6: A summary of the parameterization of the fitted parameters from the simultaneous
fit, which are described in detail in Section 7.5.1 [15].

Parameter Fitted function
HcB a#+buxx+c#xx2+mx
OCB ay+byxx
Lo Gap, tbap, XX+ oy, x x2
aHi Qg + Dagy; X X+ Capy X %2
X (mx —100GeV)/100 GeV

the bias associated to each function and choosing the function with the smallest number of

degrees of freedom that satisfies the bias criteria.

The spurious signal is equal to the bias on the signal yield caused by the choice of a particular
background parameterization and it is evaluated [4] by fitting a high statistics background-only
sample, scaled to the luminosity of the data, with a signal plus background model. This is done

without introducing the corresponding statistical fluctuations.

As mentioned in Section 7.5.2, various functions are tested and for each functional form,
several fits are tested by varying the position of the signal peak. In consideration of the narrow
width of signal models around m, =200 GeV, the binning of background shape is 1 GeV/bin,
the S+B fit range is 160-400 GeV and spurious signal scan range is 250-350 GeV. Figure 9.6
shows the maximum ratio of fitted spurious signal yield to its uncertainty, and Table 9.5 also
shows the fit property of each tested function. The spurious signal issue was resolved without

exceeding the criteria, and we have a very small, less influential spurious signal.

Table 8.7: Fitted spurious signal yield to its uncertainty, spurious signal yield and fit properties
of tested functions [15].

Function maxS/6S maxS Npar x2/nd0f Prob(x2) Fit Range Status
ExpPoly2 9.5% -0.53 2 0.17 100% 160-400 GeV Pass
Bern3 -88% -6.13 3 34.7 0% 160-400 GeV Fail
FKO 11.6% 1.11 2 0.12 100% 160-400 GeV  Pass and Selected
FK1 10.7% 1.02 2 0.12 100% 160-400 GeV Pass
FK2 9.9% 0.94 2 0.12 100% 160-400 GeV Pass
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Figure 8.14: Ratio of the fitted spurious signal yield to its uncertainty for the background
models of as a function of the resonance mass [15].

8.7 Statistical analysis

The statistical analysis used in this study follows closely to that of the previous A(— yy)+E %ﬁss
study. Maximum-likelihood fits are performed on each m,, distribution for the different
categories and various mass hypotheses are tested by varying the resonance mass mx. The

S+B model can be described as:

NSig x fSig(myy) + NBkg X kag(myy), (81)

where Ni;g is the fitted number of signal events, fsig(myy) is the parametrized function
which describes the distribution for a given mass hypothesis, Ny is the fitted number of
background events and fBkg(myy) is the parameterized background distribution over the entire
diphoton mass window range.

Uncertainties in the model are introduced via nuisance parameters. In the current search,
the only nuisance parameter of interest is due to the background modelling in the form of a
spurious signal. This uncertainty is constrained using a Gaussian penalty term on the likelihood
function and is parametrized according to the mass hypothesis (mx) being tested.

The local p-value (pg) for the compatibility with the background-only hypothesis when

testing a given signal hypothesis (mx) is based on a scan given by:

L(Ngig=0,mx,V)

! : (8.2)
L(NSig, mX, V)

qo(mx,a)=—2log
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where the hat superscript indicates parameters chosen to maximize the likelihood L and
double hats are parameters chosen to maximize the likelihood in a background-only fit. The
symbol v represents the nuisance parameters and the local pg is calculated using the asymptotic
approximation to the test statistics distribution.

The infamous look-elsewhere-effect needs to be accounted for since we are considering
a scan over a mass range. This is achieved by computing a global significance by running
numerous pseudo-experiments which fit a S+B function to a background only simulated dataset.
A scan on the mass is performed for each toy and the largest deviation is selected. The resulting
distribution of the test statistic can be integrated from the observed test statistic and above to

give the global pg value, where the global p( value is usually smaller than the local pg value.

8.8 Results

An unbinned likelihood fit is performed independently in each category. Figure 8.15 shows
example fits at the resonant mass of around 248 GeV. Category 0 is the inclusive case, category
1 is the O-jet case, category 2 is the 1-jet case and category 3 is the =2-jet case. The maximum
significance is observed in category 3 corresponding to the =2-jet case. The resulting po value
scans are shown in Figure 8.16 for the category 3 case and those corresponding to the other
categories are shown in Appendix D. The category 3 case is of great importance since the
largest deviation from the background only hypothesis is observed in this category. Basically,
the largest significance occurs at 248 GeV in 2 central jets category. A significance of 3.6
is observed for S Emis > 3.5v/GeV and 4.0 o is observed for S Emiss > 3.2v/GeV'. The former
case has a global significance of 2.2 o while the latter has a global significance of 2.8 0.

In order to gauge how the signal significance is influenced by the luminosity, the S+B fit is
done by dividing the 2016 data events into periods and gradually adding them. The resonance
parameters and fit function are derived from the signal and background parameterizations.

Figure 8.17 shows the best fit mass, local p-value, and largest signal significance growing
with luminosity, under the selections S Emiss > 3.2v/GeV and S Emiss > 3.5VGeV, respectively.

Figure 8.18 shows the largest fitted significance for S Emiss > 3.2vGeV and S Emiss >
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Figure 8.15: The individual fits at mx = 248 GeV for each category, where (a) Cat O is the
inclusive case, (b) Cat 1 is the O-jet case, (c) Cat 2 is the 1-jet case and (d) Cat 3 is the >2-jet
case [15].
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Figure 8.16: Comparison of local pg value scans for category 3 with two cuts on the missing
energy significance, where (a) has a cut of 3.5 vGeV and (b) has a cut of 3.2 vGeV. The
largest significance from the background only hypothesis occurs at 248 GeV in the category
with 2 central jets (category 3) with a slightly lower S Emis and has a value of around 4.0 o and

a corresponding global significance of 2.8 o [15].
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3.5V GeV, respectively, with fixed resonance mass. The distributions for the cases where

the resonance mass is made to float are shown in Appendix D.

8.9 Conclusions

A search for a resonance in the diphoton decay channel in association with E?i“ has been
presented [15]. In 2016, an excess was observed with a diphoton invariant mass around 248 GeV
with E%ﬁss. This excess has been analyzed using Run 1 and Run 2 data, respectively and has
essentially motivated the categorization for this resonance search with the =2-jet case possessing
the largest observed excess as discussed in Section 8.4. The likelihood fits on the diphoton mass
distribution for the 248 GeV resonant mass reflect a maximum significance in the 2 central
jets category. The fits are done using data so there may be fluctuations, as a result, the current
statistics do not allow us to draw any conclusions from the width in the various categories. |
added this sentence in the conclusion To add on, in the resulting po value scans, the largest
deviation from the background only hypothesis is observed in the at least 2 central jets category.
This search has been extrapolated to the Zy channel and the corresponding results are discussed
in the next chapter.

An updated study using the latest ATLAS R21 has been done and is documented in the
resonance search new supporting note [16]. Additional background suppression variables
have been implemented to ensure a clear and maximum significance after categorization. The

continuation of this study is documented in Chapter 9.
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Figure 8.17: The fitted resonance mass with largest significance growing with luminosity, with
full 2015 and 2016 data for (a) S Emis > 3.2 vV GeV where the best fit mass is 247 GeV and (b)

SE$iss > 3.5 vGeV where the best fit mass is 247.4 GeV [15].
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Figure 8.18: The largest fitted significance growing with luminosity for (a) S Emis > 3.2vGeV

with resonance mass fixed at 247 GeV and (b) S Emiss > 3.5 vVGeV with resonance mass fixed at
247.4 GeV [15].
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CHAPTER

SEARCH FOR A NEW RESONANCE IN THE DIPHOTON

DECAY IN ASSOCIATION WITH EI‘T“Ss WITH RELEASE 21

he search for an excess with a diphoton invariant mass around 248 GeV associated with

E%ﬁss is continued. The resonance search detailed in Chapter 8 is redone following

the ATLAS calibration changes implemented the latest ATLAS Release 21. A re-
optimization is done with R21 using 201542016 data and applied to 2017 data. The categories
are extrapolated to the Zy search.

This chapter is organized as follows: Section 9.1 introduces the analysis and Section 9.2
touches on the data and MC samples used in this analysis. Section 9.3 recaps the excess
considering the end-cap regions with Release 20 and Release 21, respectively. Section 9.4
describes the event optimization. Section 9.5 details the signal and background parameterization

and the results are discussed in Section 9.6. Finally, Section 9.7 summarizes the study.

9.1 Introduction

This analysis serves as a continuation of the previous one taking into consideration the software
changes between ATLAS R20 and R21. In the newer resonance search supporting notes [15, 16],

the excess in 2015+2016 data is re-optimized in order to obtain the best significance considering
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these version changes. In addition, the signals observed with the photons in the end-cap regions
are now taken into consideration. In fact, a category merging all photon regions will be used
in the final fit. The increasing pile-up conditions are a detriment to the analysis such that
additional fake E?iss suppression techniques have been developed. These methods have been
approved by the ATLAS E?iss analysis group (JETmiss group) and implemented for even

further improvement in this search.

9.2 Data and simulation samples

Data collected in 201542016 as well as 2017 at /s = 13 TeV is used in this analysis. The
events that are considered are those recorded under stable beam conditions with the detector
functioning efficiently. The 2015+2016 data used corresponds to an integrated luminosity of
36.1 fb~1 while the 2017 data corresponds to an integrated luminosity of 43.8 fb~1. The MC
samples used in this analysis correspond to the ones discussed in Section 8.2.1 in the previous

chapter.

9.3 A Recap of analyses of 2015+2016 data in Release 20.7
and Release 21.2

For the two photons in the EEOS and EESS region, the excess is also found to be significant.
In the EEOS region the photons are located in the end-caps on opposite sides of the detector,
while in the EESS region they are in the end-caps on the same side of the detector. In fact,
the EEOS and EESS excess also exists in the 1 central jet bin. Tables 9.1 and 9.2 summarize
the signal yields and significance values for the R20 and R21 cases, respectively. In the R21
case, "matched" refers to the same events with the same run number existing in both R20 and
R21 after the diphoton selection. When isolating the merged categories, there is a drop from a
significance of 4.59 ¢ to 2.27 0 when moving from R20 to R21. The reason for such a large
difference between the two versions can be accounted to the significant change in the calibration

of the p jets in R21. Figure 9.1 shows the corresponding R21 fits with the fit mass fixed at
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Table 9.1: The signal yields and the significance in different categories in R20.7. The excess is
fit by narrow width assumption. The merged category means merging the EEOS 1 central jet,
the EESS 1 central jet and the non-EE 2 central jets categories [16].

Category Signal Yields | Significance
2 central jets 27.04 3.58
EEOS 1 central jet 20.95 3.62
EESS 1 central jet 4.64 2.36
Non-EE 2 central jets 17.31 2.50
Merge EE and non EE 38.83 4.59

Table 9.2: The signal yields and the significance in different categories in R21.2. The excess is
fit by narrow width assumption. The merged category means merging the EEOS 1 central jet,
the EESS 1 central jet and the non-EE 2 central jets categories [16].

Category Signal Yields | Significance
2 central jets 12.99 1.96
EEOS 1 central jets 12.34 1.62
EESS 1 central jets -0.15 -0.10
Non-EE 2 central jets 9.36 1.53
Merge EE and non EE 15.08 1.99
Merge EE and non EE matched 15.40 2.27

248 GeV which is the best mass point as observed from version R20. Those corresponding to
R20 are shown in Appendix D. Peaks are still observed in all cases except in the EESS case
where the peak seems to shift slightly. In order to observe a more visible signal in 2017 data,

additional ET"™ suppression methods are necessary.

9.4 Event optimization

The event optimization is performed with 2015+2016 data. Due to the worsening pile-up
conditions in 2017, there is a need to introduce some background suppression variables. As a

result, the new categories that are set up include the following E%ﬁss suppression variables:

* Adrios Emiss® the |A¢| between the vector sum of four momenta of all forward jets and

miss
the E7™.

— This selection is motivated by the fact that there is no JVT variable in the forward

region and in high pile-up situations having pile-up jets in the forward region is
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Figure 9.1: The excess in the case of R21 for the (a) non-EE, (b) EEOS, (c) EESS and (d) merge
categories. The m,, resolution is set at 0 = 3 GeV, 5.2 GeV, 2.75 GeV and 3 GeV, respectively.
The fit mass is fixed at 248 GeV and narrow width assumption is considered in all cases. Peaks
around 248 GeV are observed in all cases except in the case of the EESS category where the
peak seems to have shifted slightly [16].

very likely. These forward jets would contribute to fake E%‘iss as they would not be

rejected by the JVT selection.

* Adgiers, Emiss! the |A¢| between the vector sum of four momenta of all soft jets and the
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miss
Eiss,

— Contributions to fake E’?iss from softjets are observed in R20 due to a known jet
calibration issue. Even though this issue is fixed in R21, it has a large resolution
such that if there are many events containing softjets with overlapping resolution
in the same direction, they can result in a relatively large E?iss. This is not a very
strong variable if one cuts at high E%ﬁss, however, at lower thresholds these softjets

can possibly result in fake ET".

p%”j ets _ p¥ : the scalar pr difference between the vector sum of four momenta of all of

the jets above 20 GeV and the leading two central jets.

— This selection is made to avoid the non-physics jets and all the remaining softjets
from being in the same direction in order to prevent resolution overlaps as this can

result in fake E?iss.

* The leading pile-up vertex ). p%: the leading non-physical vertex ) p%, which sums up

the p% of all of the tracks for that vertex.

— In the same vertex method we require the diphoton vertex to be the hardest vertex. It
is useful to also check how hard the leading non-physics or pile-up vertex is. If one
considers a jet with pt > 60 GeV which cannot be rejected by a JVT selection, then
we have fake E%‘iss. This hard jet connected to the leading pile-up vertex should

have hard tracks which gives a hard }_ p?r.

In order to decide on the cut position for these four variables, distributions comparing events

with fake E%ﬁss background to those with truth E%ﬁss are essential. Figure 9.2 represents such

distributions where the solid lines represent events with fake E?i“ and the dashed lines represent

events with truth & ?iss. Figure 9.2a represents the A, pmiss Variable which contains a large
T

fraction of background events in the last two bins, thus motivating a cut of < 2.8 rad on this

variable. Figure 9.2b represents the A¢

sjets, EMiss which proves much weaker than the previous
T

variable, but still shows a few more background events than truth E?iss events in the last
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Table 9.3: The complete event selection, which includes the discussed fake E?i“ suppression
variables.

Preselection: At least two well identified, isolated photons (same definition as A — yy)
160 <myy <400, p7 jcadingy > 40 GeV, DT subleadingy > 30 GeV
Diphoton Vertex is hardest in the event (3_ p%di photon > 2 p%othervertices)
ET™ cleaning, reject events with bad jets above 20 GeV
SE¥iss >3.5 V GeV

Category: non-EE EESS EEOS
Jet requirements: | =2 central jets | =1 central jet =1 central jet
E‘T‘“Ss suppression: Yy p%< 250 GeV?2 Y p%< 200 GeV?

A(,bfjets,E$iss<2.8 rad
A(,bsjets,E$iss<2.8 rad
p2He _ pll <35 GeV

Merge the three categories

two bins. A cut of A¢, jots Emiss < 2.8 rad is elicited as a result. Figure 9.2c represents the
paT”j ets _ pJT.j variable in which the fake E?iss events have an evidently larger contribution on
the right most side of the distribution resulting in a cut of < 35 GeV on this variable. Finally,
Figure 9.2d corresponds to the leading pile-up vertex ) p% variable which shows that the
vj events (AntilD17) have a harder leading pile-up vertex ) p% implying that this cut can
essentially kill most of the background events associated with the yj sample. Such a cut is
very useful in the EEOS category since after the EEOS selection approximately 50% of the
background comes from vyj events. Table 9.3 shows the complete events selection which has
been optimized for this analysis.

Since there is no suitable signal to predict the number of events in each category, in order
to do a simultaneous fit, we merge the three categories. Merging implies simply summing up
the previous three regions. The event selections summarized in Table 9.3 are then applied to
the R20, R21 and the matched 2015+2016 data. Table 9.4 summarizes the signal yields and the
significance in different categories for the different versions. The signal shape is described using
a DSCB with a narrow width (fixed at 0) and the mass point is fixed at 248 GeV which is the
best fit point obtained from R20. Figure 9.3 shows the R20, R21 and matched 2015+2016 data
for the merged case after the fake E%ﬁss suppression. When comparing R21 and the matched,
the results are quite consistent before and after the fake E?i“ suppression. There are some

discrepancies observed between R20 and R21 especially in the non-EE case after the fake E?iss
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Figure 9.2: The variables used for the suppression of fake E%ﬁss in the 2017 pile-up conditions:
(@) Ao s (D) ADy s, guiss» (€) all] ets _ p% and (d) The leading pile-up vertex Y. p3.
These ﬁgures correspond to the 2-jet case w1th the S Emiss cut. The data corresponds to the side-

bands of 160-400 GeV, excluding the 240-260 GeV region. The solid lines represent samples
with fake E%"“ while the dashed lines represent those with truth E?l“ [16].

suppression variables. The overall differences between the R20 and R21 are accounted to fake
E%’iss due to mis-calibration. Even though there is a drop in significance when moving from
R20 (4.59 o) for R21 (2.85 o), the significance is still better than in the case where no E%‘i“
suppression cuts are applied. The cuts essentially remove half of the background and reduce
the fluctuations associated to it while keeping the signal. These cuts are frozen for the analysis

and extrapolated to the Zy channel as well.
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Table 9.4: The signal yields and the significance in different categories in different versions.
The mass point is at 248 GeV using narrow width approximation [16].

Category Signal Yields | Significance
R20.7 EEOS 20.95 3.62
R20.7 EEOS after E%‘iss suppression 20.89 3.86
R20.7 EESS 4.64 2.36
R20.7 EESS after E?iss suppression 2.72 1.82
R20.7 non-EE 17.31 2.50
R20.7 non-EE after E%ﬁss suppression 9.97 1.95
R20.7 Merge 38.83 4.59
R20.7 Merge after EITIliss suppression 30.51 4.42
R21.2 EEOS 12.34 1.62
R21.2 EEOS after E%‘iss suppression 13.06 1.85
R21.2 EESS -0.15 -0.10
R21.2 EESS after E%‘iss suppression 0.28 0.20
R21.2 non-EE 9.36 1.53
R21.2 non-EE after E?iss suppression 11.49 2.31
R21.2 Merge 15.08 1.99
R21.2 Merge after E%’iss suppression 18.40 2.85
R21.2 EEOS matched 10.79 1.57
R21.2 EEOS matched after E%ﬂss suppression 9.30 2.23
R21.2 EESS matched -0.41 -0.22
R21.2 EESS matched after E?iss suppression 0.78 0.55
R21.2 non-EE matched 9.59 1.75
R21.2 non-EE matched after E?iss suppression 11.57 2.55
R21.2 Merge matched 15.40 2.27
R21.2 Merge matched after E?iss suppression 17.49 2.99

9.5 Signal and background parameterization

9.5.1 Signal parametrization

The signal parameterization is fairly straight forward in this analysis in that we simply use the
A(400)—ZH(250) sample as a template where A is the mass of Axion and the resonance is
250. A DSCB function is used to obtain the shape and the parameters. Figure 9.4 shows the
individual fit of DSCB parameters that is performed where the width (CB) of a narrow-width
signal from MC shape is 2.74 GeV. This inclusive category shape will be used to do the final fit

which will result in a conservative significance. The signal resolution uncertainty is found to be
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Figure 9.3: The excess after the full event selection and merging in the case of (a) R20, (b) R21
and (c) matched. The fit mass is fixed at 248 GeV and narrow width assumption is considered
in all cases. Peaks around 248 GeV are observed in all cases except in the case of the EESS
category where the peak seems to have shifted slightly [16].

approximately 7% while the signal mass scale uncertainty is approximately 0.6% of 250. The

uncertainty obtained will essentially be used in the final fit.
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Figure 9.4: Results of individual fit of DCSB parameters, where pcp can be slightly shifted in
the final S+B fit. The MC sample used is A(400)—ZH(250) [16].

9.5.2 Background parametrization

The nominal background shape has three components:

*YY

* Vyand Vyy

* Jj» vj and jy

The fraction of yvy, jj, yj and jy are obtained from a data driven (2x2D method) using the
side-bands of the data not passing the photon ID or isolation. Since we finally report a single fit
from a merge of the three categories, each category shape needs to be taken into account. The
non-EE and EESS categories have a similar shape which can be perfectly described by the dijet
function (FKO function) while that of the EEOS is quite different. A predicament would arise
in the case where there is a large fraction of EEOS background which would most likely distort
the merged background. A good merge is ensured by employing a re-weighting method. Due to

a lack of statistics after the selections, inclusive events without E%ﬁss cuts were used. The MC

shapes from the three categories were obtained and normalized to the yields in each category
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Figure 9.5: Re-weighting strategy from inclusive (nonEE 2 jet + EE 1 jet) Sherpa yy MC events
to signal region total background shape. By fitting the ratio between two histograms.

then merged to obtain the final one. In order to gauge the difference between the m,, shape
without the cuts and that with cuts, a ratio plot is necessary. Figure 9.5 shows such a ratio plot
which reflects the discrepancies and a linear function is used to derive the difference. Finally,
the MC shape without the EIT’rliSS cuts is taken and corrected using the linear function and in turn
normalized to the actual number of events in each category then finally merged and input into

the spurious signal studies.

As discussed in Section 8.6.2, various function forms are tested as shown in Table 9.5 and
it is observed that the regular dijet function (FKO) works well with the merged background.
The ratio of the fitted spurious signal yield to its uncertainty for the background models as
a function of the resonance mass is shown in Figure 9.6. Several variations done to check
the stability of this function choice are documented in the Supporting note in Reference [16].
The conclusion is that the FKO function is always the best function passing spurious signal
criteria with purity, EEOS fraction or signal shape variations. The most important variation is to
change the fraction of EEOS events by + 15% in the background templates, which introduces a

+0.08-1.57 uncertainty on the maximum spurious signal but does not the function decision.
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Table 9.5: Fitted spurious signal yield to its uncertainty, spurious signal yield and fit properties
of tested functions. The spurious signal yield is normalized to 79.9 fb™1.

Function maxS/6S maxS Npar y%ndof Prob(y?>) Fit Range Status
ExpPoly2  -18.3% -1.59 2 0.69 100% 170-410GeV Pass
Bern3 52.5% 7.42 3 2.62 0% 170-410GeV Fail
FKO -12.6% -1.10 2 0.55 100% 170-410GeV  Pass and Selected
ExpPoly2  -13.4% -1.18 2 0.62 100% 180-360GeV Pass
Bern3 19.6% 2.12 3 0.76 99.3%  180-360GeV Pass
FKO -11.0% 1.03 2 0.58 100% 180-360GeV  Pass and Selected

—— FKO

S/8S

0.6
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0.4
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Figure 9.6: Ratio of the fitted spurious signal yield to its uncertainty for the background models
as a function of the resonance mass.

9.6 Results

The statistical approach used in this study follows closely to all the previous missing energy
studies. The nominal fit is performed at mp = 248 GeV and the default natural width of the
signal is set to 0. A signal resolution of 2.75 GeV is used for the merged category, ignoring
the mixing of the different resolutions of the categories. The signal resolution is the resolution
of the peak at mpg = 248 GeV, obtained from the signal parametrization. The resolution and
scale uncertainties from the photons are considered, as well as the spurious signal uncertainties

from the background. The fit result on the merged category is shown in Figure 9.7 and the
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Figure 9.7: Individual fit at mx = 248 GeV for the merged category with 0 width assumption
using 2015+2016 data for the yy + E1™° [16].

scanned local p-values are shown in Figure 9.8. A toy MC test is performed to obtain the global
significance for the 2015+2016 data for each mass point as an example. The global observables
are randomized. This is to test the look elsewhere effect due to the scanning mass range and
resolution variation with the constraint of nuisance parameter, as shown in Figure 9.9a. The
global p-value considering the mass scan only is also shown in Figure 9.9b. The difference
between the two figures is due to the look elsewhere effect accounted to the resolution, which

gives a degradation of 0.1 .

From the previous R20 2015+2016 dataset we are aware that the best mass point is 248 GeV
therefore, there is no need to scan the entire mass range. Since we already know that the signal
mass point is about 248 GeV, the look-elsewhere-effect is not strong when we look at the 2017
Yy data or the Zy data. Only the local and global p-value on the merged category will be
reported because there is no suitable model for the simultaneous fit over categories. However,
for checking the excess yields distribution, a rough fit on the single categories for a reference

are done and the results are shown in the Supporting note in Reference [16]. In addition, due to
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Figure 9.8: Local p value scan as a function of mass for the merged category using 2015+2016
data for the yy + ET"™, where most of the excess is found around 247 GeV with a maximum
local significance of 2.89 o [16].

the shortage of a suitable branching ratio and model to unify the yy 2015+2016+2017 data and
Zy 2015+2016+2017 data, a simultaneous fit cannot be done. Under the circumstances, the
local significance corresponding to the two channels are added in quadrature and if any mass
point within the 248 + 10 GeV exceeds the 3 ¢ local significance, this will yield a publication.
In such a publication, only the individual significance corresponding to each analysis would be
reported.

For the yy +E$iss analysis, the local p( value scan as a function of mass for the merged
category using 201542016 data is shown in Figure 9.8. Most of the excess is found around
approximately 247 GeV with a maximum local significance of 2.89 . Figure 9.9a shows the
global p( value scan as a function of mass, considering both mass shift and the resolution
variation. A maximum global significance of 2.41 o is reported. Figure 9.9b shows the global
po value scan as a function of mass, considering mass shift only, which yields a maximum
global significance of 2.43 g. The individual fit at mx = 248 GeV for the merged category
with 0 width assumption using 2017 data after the unblinding approval is shown in Figure 9.10.
The po value scans as a function of mass for the merged category using 2017 data are shown in
Figure 9.11. Figure 9.11a shows the local p( value scan, where most of the excess is found

around 245 GeV with a maximum significance of 1.85 o. Figure 9.11b shows the global pg
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Figure 9.9: Global p( value scans as a function of mass for the merged category using
201542016 data. (a) Considering both mass shift and the resolution variation and (b) mass shift
only, for the yy + E%’iss. Most of the excess is found around 247 GeV with a maximum global
significance of 2.41 o and 2.43 o, respectively [16].

value scan, where most of the excess is found around 245 GeV with a maximum significance of
1.85 0. The 20154+2016+2017 combination p( value scans as a function of mass are shown in
Figure 9.12. Figure 9.12a shows the local pg value scan, where most of the excess is found
around 246 GeV with a maximum significance of 3 o. Figure 9.12b shows the global po value
scan, where most of the excess is found around 246 GeV with a maximum significance of 2.5 o.
In the case of the Zy+E ?iss analysis, the fit result on the merged category for 2015+2016+2017
unblinded data is shown in Figure 9.13. Most of the excess is found around approximately
252 GeV with a maximum local significance of 4.14 ¢ and global significance of 3.41 0.

Figure 9.14 shows the local p-value scans over the years of data taking.

9.7 Conclusions

A search for a resonance in the diphoton decay channel with a E?iss signature has been
presented [15, 16]. In Section 8.4, the excess with a diphoton invariant mass around 248 GeV
was analyzed using Run 1 and Run 2 data using ATLAS R20, and the =2-jet case had the
largest observed excess. The likelihood fits on the diphoton mass distribution for the 248 GeV

resonant mass reflected a maximum significance in the 2 central jets category. To add on, in the
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Figure 9.10: The individual fit at mx = 248 GeV for the merged category with 0 width
assumption using 2017 data after unblinding approval for the yy + E7" [16].

resulting po value scans, the largest deviation from the background only hypothesis is observed

in the at least 2 central jets category.

The same analysis was redone using ATLAS R21 and documented in the resonance search
new supporting note [16], and summarized in this chapter. The excess checks indicate that
categorizing into EEOS and EESS has a notable significance and a migration of signal events
to the 1 central jet category is also observed. Additional background suppression variables have
been implemented in an effort to suppress fake E?iss events to ensure a clear and maximum
significance after categorization. These suppression variables were approved by the Jet E%ﬁss
group. After the full selection, there are discrepancies observed between R20 and R21 which
are accounted to fake E?iss due to the mis-calibration in R20. These selection cuts were

extrapolated to the Zy + E?iss analysis.
For the H(— yy) + E?i“ analysis, after unblinding 2017 data and combining 2015, 2016

and 2017 datasets, most of the excess is found around approximately 246 GeV with a maximum
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Figure 9.11: (a) The local pg value scans as a function of mass for the merged category using
2017 data and (b) the global p( value scans as a function of mass for the merged category
using 2017 data for the yy + E?iss final state. Most of the excess is found around 245 GeV
with a maximum local significance of 1.85 ¢ and maximum global significance of 1.24 o,
respectively [16].

local significance of 3 0 and a maximum global significance of 2.5 o. On the other hand, for
the Zy case, most of the excess is found around approximately 252 GeV with a maximum local
significance of 4.14 o and global significance of 3.41 o over the years 2015+2016+2017 of
data taking [186].
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Figure 9.12: (a) The local pg value scans as a function of mass for the merged category using
20154+2016+2017 data and (b) the global po value scans as a function of mass for the merged
category using 2015+2016+2017 data for the yy +EITniSS final state. Most of the excess is found
around 246 GeV with a maximum local significance of 3 o and maximum global significance
of 2.5 o, respectively [16].
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"l am quite surprised that it happened during my lifetime. It is nice to be right about something

sometimes" - Peter Higgs on CERN when scientists detected the Higgs boson particle

he discovery of the Higgs boson by both the ATLAS and CMS experiments back in
2012 provides us with a tool to probe physics beyond the Standard Model. As the
last missing piece of the SM of particle physics, the Higgs discovery justified the SM.
However, it is clear that the SM is incomplete, as it does not describe a number of phenomena
in nature. As discussed in Section 1.1, the SM does not encompass gravity nor account for the
DM that constitutes a large fraction of the mass in the universe. With the Higgs mechanism
being the attribute that allows us to understand how particles acquire mass as discussed in
Section 1.3, a new realm of possibilities was unraveled. This opens up extensions to the SM
which could assist us in unveiling answers to the underlying questions we still have about our
universe, what is known today as BSM physics. All the research documented in this thesis
looks into this realm of BSM physics with the intent to use scientific knowledge and tools to
understand our universe further.
This thesis comprises a section on instrumentation and two main analyses, which are
centered around the Madala hypothesis that was detailed in Section 1.4. Under instrumentation,

a comparative study is done in an effort to assist in the upgrade of the Tile Calorimeter
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of the ATLAS detector. With the intention to replace the Tile Calorimeter gap and MBTS
scintillators with more radiation resistant ones, several different grades of plastic scintillators
were considered for the study. The samples were irradiated with low energy protons and their
transmission spectra were analyzed. Among them all, it was found that the EJ 200 polyvinyl
toluene (PVT) based polymer provided by ELJEN technologies is the most radiation hard.
Light transmission studies showed that following radiation exposure, this sample showed a
small decrease in light transmission in comparison to other samples. In addition, this plastic
scintillator grade also showed the most annealing after being irradiated using doses closest to

those within the ATLAS detector.

The ATLAS physics analyses documented in this thesis involve photons in final states
with associated missing transverse energy. These searches for new physics use data collected
with the ATLAS detector in 2015, 2016 and 2017. E?iss is a key signature for BSM physics
emphasizing its importance at the LHC. Numerous E%ﬁss reconstruction performance checks
have been done in the course of these searches as documented in Chapter 6. Through these
important studies, fake E%’iss suppression methods have been implemented, namely the SV
method, which has been approved by ATLAS and is used to improve the quality of the results
of our analyses. All the E%ﬂss checks ensure the stability of El%liss reconstruction at ATLAS,

which is useful to not only the analyses in this thesis, but to several other analyses at ATLAS.

A search for a Higgs boson decaying to two photons in association with E%‘iss has been
presented in Chapter 7. No significant excess over the expected background is observed for a
Madala boson of mass mg =270 GeV and a DM particle of 50 (60) GeV. With the benchmark
assuming 100% branching ratio, other decay channels with leptonic final states are currently
being explored by colleagues within the Wits Institute for Collider Particle Physics group. In
the process of searching for particles in the context of the Madala hypothesis, an excess with
a diphoton invariant mass of approximately 248 GeV was observed. In an effort to explore
this excess, Chapters 8 and 9 discuss the direct decay of H to photons in the search for such
a resonance in association with E%liss. Data collected during Run 1 and Run 2 data taking
periods was used to analyze this possible excess. The analysis was done using both ATLAS R20

and R21, and the search has been extrapolated to the Zy channel. Corresponding supporting
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documents have already been reviewed by the analysis group conveners and the unblinding
approval has already been held. The yy +E%1iss analysis 2017 data was unblinded and the
20154+2016+2017 combination scans show that most of the excess is found around 246 GeV
with a maximum local significance of 3 o and a maximum global significance of 2.47 g. On the
other hand, for the Zy +E?iss case, most of the excess is found around approximately 252 GeV
with a maximum local significance of 4.14 o, which is the result of the local p-value scans
over the years 2015+201642017 of data taking. The maximum global significance is given by
3.41 o over the years 2015+2016+2017 of data taking.

The future looks promising for the Madala hypothesis, in fact, multi-lepton final states
are being explored in this regard. It goes without saying that as we explore further, we get
closer and closer to understanding the Madala hypothesis. Run 3 of data taking is anticipated to
begin in 2021 with luminosities reaching up to 300 fb~!, which will lead to larger collected
data and an enhanced sensitivity to new physics. Run 4 will begin in 2024 and will feature
the installation of the High Luminosity LHC (HL-LHC), also enhancing the possibility of
new discoveries. It will be interesting to see the evolution of the understanding of the Madala

hypothesis with the collection of more data over these years.
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APPENDIX

A COMPARATIVE STUDY OF THE RADIATION HARDNESS OF
PLASTIC SCINTILLATORS FOR THE UPGRADE OF THE TILE

CALORIMETER AT ATLAS

Al

In aid of the comparative study of the radiation hardness of plastic scintillators for the upgrade
of the Tile Calorimeter at ATLAS Chapter 3. Figure A.1 shows the detailed diagram of the
internal components of the Varian Cary 500 spectrophotometer used in the light transmission

studies discussed in Section 3.4.2.
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Figure A.1: Detailed diagram of the internal components of the Varian Cary 500 spectropho-
tometer used for transmission spectroscopy studies.
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APPENDIX

PERFORMANCE OF EX"® RECONSTRUCTION

COMPLEMENTARY MATERIAL

B.1

In aid of the E?iss validation of the photon pointing method in Section 6.3.1. Figure B.1 shows
the comparison of the photon pointing same vertex fraction of E?iss between data and MC
in the Z — e™e™ control region. The distributions correspond to E%liss and EI{}iSS significance,

respectively and good agreement between data and MC is observed.

B.2

In support of the 2017 data and Sherpa yy MC EITrliss performance studies in Section 6.3.6.
Figure B.2 shows the general E?iss and EITniSS significance distributions for events passing

160 GeV < m,, <400 GeV and split into 0-jet case, 1-jet case and =2-jet case.
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Figure B.1: The comparison of the photon pointing same vertex fraction of El%liss between data
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Figure B.2: E%ﬁss and EITniss significance distributions for 2017 data corresponding to 43.8 fb~1
versus Sherpa yy, where the top distributions are for the O-jet case, the middle row corresponds
to the 1-jet case and the bottom row corresponds to the =2-jet case. These are all inclusive, that
is, not split into same vertex or different vertex cases. The MC have been normalized to the
total number of events in the inclusive sample of the data [16].
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APPENDIX

SEARCH FOR THE HIGGS BOSON IN ASSOCIATION WITH

EY"™ IN THE DIPHOTON CHANNEL

C.1

In support of the signal parametrization discussed in Section 7.5.1, Figure C.2 shows the results
of a single fit of a DSCB function (lines) for a signal with mj = 125 GeV where all heavy-scalar
processes are summed. The signal mass distribution is modelled from MC simulations as the

sum of a DSCB function for the all the categories summarized in Table 7.2.

C.2

In the case of the spurious signal studies, using all the SM Higgs and heavy scalar signal MC
at value of mp = 125 GeV, we estimate a signal model that is parametrized as a function of
Higgs mass. The different fits on a signal with mp =125 GeV using 13 TeV MC simulation are

shown in Figure C.2.
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Figure C.2: The spurious signal results of the direct fit method. First row: left corresponds
to the mono Higgs category, right, high-ET"** category. Second row: left corresponds to the
intermediate-E ?iss category and the right, different vertex category. Third row, rest category [6].
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DIPHOTON CHANNEL

Table C.1: The experimental systematic terms derived from the MxAOD, on the heavy scalar
model corresponding to mpg =275 GeV and m, = 60 GeV for the Mono Higgs category [6].

Systematic name Magnitude Up (%) | Magnitude Down (%)
EG_RESOLUTION_ALL +0.1 -0.7
EG_SCALE_ALL +14 -0.5
JET_BJES_Response +0.0 -0.0
JET EffectiveNP_1 +2.7 -4.4
JET _EffectiveNP_2 +1.8 -2.8
JET EffectiveNP_3 +1.2 -1.0
JET EffectiveNP_4 +0.1 -0.1
JET_EffectiveNP_6restTerm +0.1 -04
JET_Etalntercalibration_Modelling +2.0 2.4
JET Etalntercalibration_NonClosure +0.5 -0.2
JET_Etalntercalibration_TotalStat + 0.8 -1.1
JET_Flavor_Composition +2.9 -5.1
JET_Flavor_Response +1.9 -1.1
JET_JER_SINGLE_NP +0.6 -0.6
JET_Pileup_OffsetMu +04 -0.3
JET_Pileup_OffsetNPV +04 -0.9
JET_Pileup_PtTerm +0.0 04
JET_Pileup_RhoTopology +0.9 -1.4
JET_PunchThrough_MCI15 +0.0 -0.0
JET_SingleParticle_HighPt +0.0 -0.0
MET JetTrk_Scale + 0.0 -0.0
MET _SoftTrk ResoPara +0.5 -0.5
MET_SoftTrk_ResoPerp +0.2 -0.2
MET_SoftTrk_Scale +0.2 -04
PH_EFF_ID_Uncertainty +4.2 -4.1
PH_EFF_TRKISO_Uncertainty + 1.1 -1.1
PH_Iso_DDonoff +0.0 -0.0
PRW_DATASF +2.0 -0.3
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Table C.2: The experimental systematic terms derived from the MxAOD, on the heavy scalar
model corresponding to mpg = 275 GeV and mj = 60 GeV for the High-ET"** category [6].

Systematic name Magnitude Up (%) | Magnitude Down (%)
EG_RESOLUTION_ALL +0.3 -0.3
EG_SCALE_ALL +0.4 -1.1
JET_BJES_Response +0.0 -0.0
JET_EffectiveNP_1 +3.1 34
JET_EffectiveNP_2 +0.5 -0.1
JET_EffectiveNP_3 +0.5 -0.7
JET _ EffectiveNP_4 +0.3 -0.2
JET EffectiveNP_6restTerm +04 -0.1
JET_Etalntercalibration_Modelling +24 -3.0
JET Etalntercalibration_NonClosure +0.0 -04
JET Etalntercalibration_TotalStat + 1.1 -14
JET_Flavor_Composition +5.2 -5.0
JET_Flavor_Response +2.6 -2.3
JET_JER_SINGLE_NP +2.7 2.7
JET_Pileup_OffsetMu +0.8 2.4
JET_Pileup_OffsetNPV +0.7 -1.8
JET_Pileup_PtTerm +0.2 -0.3
JET_Pileup_RhoTopology +1.4 -1.8
JET_PunchThrough_MCI15 +0.0 -0.0
JET_SingleParticle_HighPt +0.0 -0.0
MET_JetTrk_Scale +0.0 -0.0
MET _SoftTrk_ResoPara +1.7 -1.7
MET_SoftTrk_ResoPerp +0.2 -0.2
MET_SoftTrk_Scale +0.2 -0.8
PH_EFF_ID_Uncertainty +4.3 -4.2
PH_EFF_TRKISO_Uncertainty +1.2 -1.2
PH_Iso_DDonoff +0.0 -0.0
PRW_DATASF +1.3 -1.5
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Table C.3: The experimental systematic terms derived from the MxAOD, on the heavy scalar
model corresponding to mp = 275GeV and m, = 60 GeV for the Intermediate-ET"** cate-

gory [6].

Systematic name Magnitude Up (%) | Magnitude Down (%)
EG_RESOLUTION_ALL +0.5 -0.2
EG_SCALE_ALL +0.1 -0.9
JET_BJES_Response +0.0 0.1
JET EffectiveNP_1 +24 -3.1
JET_EffectiveNP_2 +0.3 -0.4
JET EffectiveNP_3 +0.5 -0.2
JET EffectiveNP_4 +0.1 -0.1
JET EffectiveNP_6restTerm +0.2 0.2
JET_Etalntercalibration_Modelling +1.2 -1.0
JET_Etalntercalibration_NonClosure +0.1 -0.1
JET Etalntercalibration_TotalStat +0.6 -0.2
JET_Flavor_Composition +2.2 -3.0
JET_Flavor_Response +0.1 0.2
JET_JER_SINGLE_NP +2.5 -2.5
JET_Pileup_OffsetMu + 0.6 -0.6
JET_Pileup_OffsetNPV +0.5 -0.0
JET_Pileup_PtTerm + 0.1 -0.1
JET_Pileup_RhoTopology +0.4 -0.2
JET_PunchThrough_MC15 +0.0 -0.0
JET_SingleParticle_HighPt +0.0 -0.0
MET _JetTrk_Scale +0.0 -0.0
MET_SoftTrk_ResoPara +0.9 -09
MET_SoftTrk_ResoPerp +0.7 -0.7
MET _SoftTrk_Scale +1.2 04
PH_EFF_ID_Uncertainty +4.3 -4.2
PH_EFF_TRKISO_Uncertainty +1.2 -1.2
PH_Iso_DDonoff +0.0 -0.0
PRW_DATASF +5.0 -4.2
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Table C.4: The experimental systematic terms derived from the MxAOD, on the heavy scalar
model corresponding to mpg =275 GeV and m, = 60 GeV for the Different vertex category [6].

Systematic name Magnitude Up (%) | Magnitude Down (%)
EG_RESOLUTION_ALL +0.4 -0.2
EG_SCALE_ALL +0.3 -0.7
JET_BJES_Response +0.0 -0.0
JET_EffectiveNP_1 +4.0 -3.6
JET EffectiveNP_2 +04 -0.6
JET EffectiveNP_3 + 0.6 -0.3
JET EffectiveNP_4 +0.2 -0.5
JET_EffectiveNP_6restTerm +0.0 -0.0
JET_Etalntercalibration_Modelling +2.9 2.7
JET Etalntercalibration_NonClosure +0.0 -0.3
JET_ Etalntercalibration_TotalStat +1.6 -14
JET_Flavor_Composition +54 -4.6
JET_Flavor_Response +1.9 -2.1
JET _JER_SINGLE_NP +2.0 -2.0
JET_Pileup_OffsetMu +1.4 -1.7
JET_Pileup_OffsetNPV +1.5 -1.1
JET_Pileup_PtTerm +0.5 -0.1
JET_Pileup_RhoTopology +1.5 -1.4
JET_PunchThrough_MCI15 +0.0 -0.0
JET_SingleParticle_HighPt +0.0 -0.0
MET JetTrk_Scale + 0.0 -0.0
MET _ SoftTrk ResoPara +2.0 2.0
MET_SoftTrk_ResoPerp +2.6 2.6
MET_SoftTrk_Scale +2.9 -2.0
PH_EFF_ID_Uncertainty +4.3 -4.2
PH_EFF_TRKISO_Uncertainty +1.3 -1.3
PH_Iso_DDonoff + 0.0 -0.0
PRW_DATASF +3.9 -3.6
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Table C.5: The experimental systematic terms derived from the MxAOD, on the heavy scalar
model corresponding to mpg =275 GeV and m, = 60 GeV for the Rest category [6].

Systematic name Magnitude Up (%) | Magnitude Down (%)
EG_RESOLUTION_ALL +0.0 -0.1
EG_SCALE_ALL +0.2 -0.1
JET_BJES_Response +0.0 -0.0
JET EffectiveNP_1 +0.3 -0.5
JET _EffectiveNP_2 +0.3 -0.3
JET EffectiveNP_3 +0.4 0.2
JET EffectiveNP_4 +0.1 -0.1
JET_EffectiveNP_6restTerm +0.1 -0.1
JET_Etalntercalibration_Modelling + 0.6 -0.7
JET Etalntercalibration_NonClosure +0.1 -0.0
JET_Etalntercalibration_TotalStat +0.2 0.2
JET_Flavor_Composition +0.7 -0.8
JET_Flavor_Response +0.3 -0.3
JET_JER_SINGLE_NP +0.2 -0.2
JET_Pileup_OffsetMu +0.2 -0.2
JET_Pileup_OffsetNPV +0.1 -0.1
JET_Pileup_PtTerm +0.0 -0.0
JET_Pileup_RhoTopology +0.1 -0.1
JET_PunchThrough_MCI15 +0.0 -0.0
JET_SingleParticle_HighPt +0.0 -0.0
MET JetTrk_Scale + 0.0 -0.0
MET _SoftTrk ResoPara +0.2 0.2
MET_SoftTrk_ResoPerp +0.5 -0.5
MET_SoftTrk_Scale +0.7 -04
PH_EFF_ID_Uncertainty +4.3 -4.2
PH_EFF_TRKISO_Uncertainty +1.2 -1.2
PH_Iso_DDonoff +0.0 -0.0
PRW_DATASF +0.0 -0.1
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APPENDIX

SEARCH FOR A NEW RESONANCE IN THE DIPHOTON
DECAY IN ASSOCIATION WITH E¥‘SS COMPLEMENTARY

MATERIAL

D.1

In support of SV tuning method discussed in Section 8.3, Figures D.1, D.2, D.3 and D.4
show the E?iss distributions for various SV selection cuts and different jet multiplicity bins
(0-jet, 1-jet and at least 2-jet cases) for to 2015+2016 data, Wh 125, heavy scalar signal and

mono-Higgs signals.

D.2

In support of excess checks discussed in Section 8.4, the excess in the cases where S Emiss
> 3.5v/GeV with b-tagged jets requirement, lepton requirement and photon barrel-endcap
regions is also studied and are summarized in Table D.1 for the Run 2 data case. For all the fits
in Figures D.5 and D.6 corresponding to Run 1 data, the mass and width are fixed to 248 GeV
and o = 2.3 GeV, respectively. In the Run 2 case, the width is fixed to o = 2.7 GeV, represented
by Figures 8.8 and 8.9.
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Table D.1: Run 2 data significance and yield results for the scans of S Emiss > 3.5vGeV, SV

case and with at least two central jets for: photons in Barrel-Barrel region (BB), Barrel-EndCap
region (BE), EndCap-Barrel region (EB), EndCap-EndCap region (EE), number of b-tagged
jets =1, number of b-tagged jets =2 and number of leptons =1, respectively [15].

Cut Vertex choice | Jet bin | Significance Yield
METSig>3.5 Nj>=2 11 1.439 1.92233 + 1.76216
METSig>3.5 Nj>=2 Bj2 1.838 2.25681 + 1.75662
METSig>3.5 Nj>=2 Bjl1 2.727 7.80981 + 3.71192
METSig>3.5 Nj>=2 BB 2.261 7.94249 + 426112
METSig>3.5 Nj>=2 BE 0.721 2.75997 + 4.04816
METSig>3.5 Nj>=2 EB 1.191 4.59421 + 4.24516
METSig>3.5 Nj>=2 EE 3.638 10.3048 + 3.95841

The scans are done for S Emiss >3.5vGeV, SV case and with at least two central jets for:
photons in Barrel-Barrel region (BB), Barrel-EndCap region (BE), EndCap-Barrel region (EB),
EndCap-EndCap region (EE), number of b-tagged jets =1, number of b-tagged jets =2 and

number of leptons =1, respectively.

D.3

To supplement the results in this analysis (Section 8.8), the unbinned likelihood fits performed
independently in categories 0, 1, 2 and 3 corresponding to the inclusive, O-jet case, 1-jet
case and =2-jet case are shown. Figures D.7 and D.8 the resulting p( value scans for all the
categories. In addition, Figures D.9 shows the largest fitted significance for S Emiss > 3.2VGeV
and S Emiss > 3.5v/GeV, respectively, with a floating fixed resonance mass.

In support of Section 9.3, the excess fits corresponding to R20 are shown in Figure D.10.
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Figure D.10: The excess in the case of R20 for the (a) non-EE, (b) EEOS, (c¢) EESS and
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