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Abstract

The Higgs boson, which was discovered in 2012 by the ATLAS and CMS collab-
orations at the LHC, was the first scalar boson (elementary particle of spin zero)
to be discovered in nature. This was the last missing piece of the Standard Model
and its announcement marked an important milestone in particle physics research.
Since then there has been much work done to measure the properties of the Higgs
boson as well as to search for new physics beyond the Standard Model. A model
was developed in 2015 to understand several features that were initially observed in
ATLAS and CMS Run 1 data. This model predicts the existence of a heavy scalar
boson with mass estimated around 270 GeV. Heavy scalar bosons considered here
are produced mainly via the gluon fusion (ggF) and the vector boson fusion (VBF)
production mechanisms. This means the search for these particles can be done in ei-
ther of these production modes, provided that a method to separate ggF events from
VBEF events has been clearly defined. It is the scope of this dissertation to categorize
signal events in the H — ZZ — 4/ channel into ggF and VBF categories using a
cut-based method and ATLAS Monte Carlo with the total integrated luminosity
of 140 fb~!. The method based on the signal selection efficiency and background
rejection is used to separate ggF events from VBEF events by taking advantage of
the distinctive 2-jet signature of events in the VBF category. The VBF and ggF
production samples with resonant masses from my = 200 GeV to my = 1000 GeV
were used to optimize the di-jet invariant mass (m;;) and the pseudo-rapidity dif-
ference (An;;) cuts. The new optimal VBF selection cuts, as obtained in chapter
five, require events that satisfy m;; > 450 GeV and An;; > 3.0 in order to be clas-
sified into the VBF category. Comparison of this new selection with the currently
used VBF selection cuts (m;; > 400 GeV and An;; > 3.3) shows that the current
standard selection is still good enough to be used for cut-based event categorization
in the H — ZZ — 4/¢ channel.
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Chapter 1
Introduction

The study of elementary particles, their properties and the interactions between
them is called particle physics. Three of these interactions (electromagnetic force,
weak nuclear force and the strong nuclear force) between elementary particles are
described by the exchange of integer spin particles, as explained in chapter 2. Fol-
lowing the announcement in 2012 of the Higgs boson (the last piece of the standard
model of particle physics) at the Large Hadron Collider (LHC) by the ATLAS [5]
and CMS [6] collaborations, much of the work done has been to perform accurate
measurements of its physical properties. These include the measurement of the
mass, production cross-sections and decay branching ratios. The ATLAS and CMS
collaborations are also involved in the ongoing searches for physics beyond the stan-
dard model (BSM). This considers the search for heavy Higgs bosons produced with
gluon-gluon fusion (ggF'), vector boson fusion (VBF) and several other Higgs boson
production mechanisms. Section 2.5 introduces a BSM model called the Madala
Hypothesis. The hypothesis was developed in 2015 as an attempt to comprehend
several anomalies observed in Run 1 data for final states with multiple leptons. The
work presented in this dissertation is part of the heavy Higgs boson searches in the
ATLAS experiment. A brief introduction of the standard model, which is given in
chapter two, forms part of the theoretical background for heavy boson searches in
particle physics, in general, and at the LHC experiments, in particular. This is fol-
lowed by a brief discussion of the LHC accelerator complex and the ATLAS detector
in chapter three. An overview of the H — ZZ — 4/ analysis channel with signal as
well as background affecting this analysis channel is given in chapter four.

As it was pointed out earlier, that a heavy Higgs boson is produced from gluon
fusion and vector boson fusion production mechanisms, it is necessary to distinguish
events from each production mode by defining a set of selection requirements (cri-

teria) to be applied on all events that enter the signal region. Given that the ggF
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Chapter 1: Introduction

production mode is the most dominant one at the LHC in terms of the Higgs bo-
son production cross-section, one may ask if the sensitivity of the VBF production
mode can be improved using Run 2 Monte Carlo from the ATLAS detector. This
dissertation attempts to answer this question by adopting a categorization method,
which is based on the signal selection efficiency and background rejection maps. The
selection for the signal events is based on the characteristic 2-jet signature of the
VBF events and this is an important feature that is used to distinguish between ggF
and VBF categories. Details of this selection and optimization study is discussed
in chapter five where we have assumed the production of a narrow-width resonance

(NWA) and the branching ratios for H — ZZ heavy resonance decays.




Chapter 2
Theoretical Background

The study of elementary particles and the forces by which they interact is called
particle physics. These fundamental interactions between elementary particles are
described in the Standard Model, as introduced in section 2.2. A brief introduction of
the Standard Model is provided in this chapter as motivation for the research study
that is being performed. Since the Higgs boson was discovered in 2012, searches
for physics beyond the Standard Model have been carried out using different mod-
els, such as the Madala Hypothesis. This chapter is intended to provide sufficient
introduction to the Standard Model and the role of the Higgs boson in our under-
standing of the nature of elementary particles and all matter in the universe. Section
2.5 introduces the Madala Hypothesis which aims to explain a number of features
observed in Run 1 and Run 2 data from ATLAS and CMS experiments at the LHC.

2.1 Elementary Particles

The Standard Model of particle physics is a model that describes the elementary
particles and three of the four fundamental interactions (weak nuclear force, strong
nuclear force and electromagnetic force) in nature. The predictions of the Standard
Model provide explanation about how matter acquire its mass through spontaneous
breaking of the electroweak symmetry. In this section, a brief introduction of the
Standard Model of particles, fundamental interactions, the BEH mechanism and
how W¥* and Z bosons acquire mass through interaction with the scalar field is
provided. A summary of the Higgs boson production mechanisms and decay modes
is also provided. Figure 2.1 shows all elementary particles of the Standard Model
plus one proposed gravitational force carrier (graviton). The properties (mass and
elementary charge) of leptons and quarks are shown in table 2.1. Each of the group

of particles (fermions and bosons) are described in section 2.1.1 and section 2.1.2.
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Figure 2.1: The diagram showing all fermions and gauge bosons described in the
Standard Model.

Table 2.1: Properties of all quarks and leptons.

Quarks Leptons
Flavour Charge Mass [GeV] | Flavour Charge Mass [GEV] | Generation
u 2/3 2.2x1073 e -1 5.1x107* L5t
d -1/3 471073 Ve 0 <2x107°
c 2/3 1.280 L -1 0.106 ond
s -1/3 9.6x1072 vy 0 <1.9x1074
t 2/3 173.2 T -1 1.778 grd
b -1/3 4.7 Uy 0 <1.8x1072
2.1.1 Fermions
Fermions are all elementary particles with one half spin values (particle spin = %)

All Fermions obey Pauli’s Exclusion Principle [7], which states that no two particles
with the same spin quantum number may occupy the same quantum state. There
are two groups of fermions called leptons and quarks. Leptons consist of electron (e),

muon (u), tau (7), electron neutrino (v,), muon neutrino (v,), tau neutrino (v,) and

5



Chapter 2: Theoretical background

all anti-leptons. Quarks consist of the up quark (u), down quark (d), top quark (¢),
bottom quark (b), charm quark (c), strange quark (s) and all anti-quarks. Leptons
and quarks are divided into three generations according to their mass and stability
(life-time). First generation leptons, for example, are lighter and more stable than
the second and third generation leptons. First generation quarks are lighter and
more stable than the second and third generation quarks. The top quark is the
heaviest of all quarks with the mass of approximately 173 GeV [8]. The top quark,
charm quark and up quark all share the same fractional positive charge of —i—% and
the bottom, strange and down quarks share the same fractional negative charge of
—%. Quarks bind together to form other subatomic particles, for example, protons
are made up of two up-quarks and one down-quark (uud) and neutrons are made
up of two down-quarks and one up-quark (udd). All fermions are produced by the
excitation of the Dirac Field or a Fermion Field (V). This Fermion field is the field
which when excited, will give a particle of spin % and is well-described by the Dirac

equation:

iy"9,U —mW =0, (2.1)

where m is the mass of the fermion that is produced or the fermion that is described
by the Dirac Equation (equation 2.1). The Standard Model assumes that all fermions
(leptons and quarks) have no mass (mass-less), but it can be seen for example, in
the BEH mechanism how fermions acquire their mass through interaction with the
scalar field (Higgs Field).

2.1.2 Bosons

Bosons are integer spin elementary particles. We distinguish between two types
of bosons, Vector bosons and Scalar bosons as explained in this section. Vector
bosons are produced by the excitation of the vector field and scalar bosons are
produced by the excitation of the scalar field. Vector Bosons (gauge bosons) are
elementary particles of spin 1 (particle spin = 1). There are four gauge bosons
discovered so far, the gluon g, photon v, W boson and Z boson. Gluons are respon-
sible for the strong nuclear force which binds quarks together to form hadrons. The
photon is the carrier particle for the electromagnetic force. The vector bosons are
carriers of the weak nuclear force. Vector bosons are mass-less excitations of the
gauge field. We will see later on in this chapter how the vector bosons acquire their
masses through Spontaneous Breaking of Electroweak Symmetry. Scalar Bosons are
elementary particles of spin 0 (particle spin = 0). There is one scalar boson discov-

ered so far, the Standard Model Higgs boson. They are produced by the excitation




Chapter 2: Theoretical background

of the scalar field. The Standard Model Higgs boson, for example, is produced by
the excitation of the Higgs field and it is this scalar field that interacts with and

give mass to all other elementary particles.

2.2 Fundamental Interactions

In this section, three of the four fundamental interactions are introduced. These
are the forces that are described by the Standard Model. The interactions between
fermions, for example, is by exchanging a spin-1 gauge boson (photon). We say
therefore, that photons are mediators of the electromagnetic force. Gluons mediate
the strong nuclear force while the vector bosons mediate the weak nuclear force. The
gravitational force (the fourth fundamental interaction) is not covered by the Stan-
dard Model, it is described in the general theory of relativity [9, 10]. The weak and
electromagnetic interactions are unified at high energies and become known as elec-
troweak interaction. The Standard Model is based on the gauge symmetry structure
SU(3).xSU(2),xU(1)y, where ¢ stands for color, L stands for left-hand leptons and
Y is the the weak hyper-charge. SU(3). is the Quantum Chromodynamics (QCD)
part [11, 12] describing the strong nuclear interactions between gluons and quarks.
The SU(2), x U(1)y part describes the weak and electromagnetic interactions in

the electroweak sector.

2.3 The Higgs Boson

The Higgs Boson is the first fundamental scalar boson to be discovered in nature.
It was discovered in 2012 by the ATLAS and CMS collaborations at the Large
Hadron Collider (LHC) (see references [5-6]). Since then, much work has been done
by both ATLAS and CMS to accurately measure the properties (mass, production
cross-section, spin parity etc.) of the Higgs boson. Another important work being
done is to search for new physics beyond the Standard Model which is the main
purpose of this work. Section 2.4 focuses on the brief theory of the Higgs boson, how
elementary particles (W-boson, Z-boson and fermions) acquire their mass through
Spontaneous Symmetry Breaking as well as the different Higgs boson production

and decay modes.

2.4 Brout-Englert-Higgs mechanism

It was pointed out earlier that other elementary particles acquire their mass by
interacting with the scalar field (¢). This is explained by the Brout-Englert-Higgs
(BEH) mechanism [13, 14]. The BEH mechanism describes how matter acquire its
mass through spontaneous symmetry breaking (SSB). We start with the singlet field

7
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V(o)

Figure 2.2: Scalar potential as a function of ¢ for (a) positive m? and (b) negative

m2.

and then later on we also look at the doublet field. The Lagrangian of a singlet scalar

field can be written as:
1 o oy 1y
L=(0u0)" — (5m™¢" + 1 A¢"%), (2.2)
2 2 4
with the potential energy term given by:
Lo 1y
V(p) = 3™m o+ A_L)\¢ . (2.3)

The mass of particles produced by the excitation of this field is denoted by m. If
one takes the m? term to be positive (m? > 0) or in other words, if the mass of
the excitation is positive or real, the Lagrangian describes a mass-less vector boson
interacting with a massive scalar boson and the graph of the potential against ¢
is a parabola with a minimum at ¢ = 0 as shown in figure 2.2 (a). If, however,
the m? term is negative (m? < 0), the potential has a degenerate set of minima at
+v = i\/? = vev where vev is the vacuum expectation value, the value of the
field that minimizes the potential. Unlike before, the potential now has a maximum
at ¢ = 0 and two minima at ¢ = +v, as shown in figure 2.2 (b). Since m is taken to
represent the mass in the Lagrangian, we can say that the mass of particles excited in
either of the valleys is given by m = v/ Av2. We can witness the creation of the Higgs
particles and the massless excitation of the scalar field called the Goldstone boson

(Higgs particle with zero mass). To see this we write the scalar field in polar form
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V(¢)
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Figure 2.3: The potential energy as a function of the field ¢ for negative m?.

with radial and angular vibrations at the potential minimum (valley) by substituting
¢ = pe™ and its complex conjugate ¢* = pe~ ™. If we substitute ¢? = ¢¢* = p* and

m? = -\? in equation 2.2, we get the the Lagrangian in the form:

1 1 1
L= 5(8/)2 + ipOpdw — ipdpdw + p*Ow?) + 5/\U2p2 R

4
Lo i oo 900 1.4 (24
:§8p ~|—§)\vp +p8w—ZAp.

Since the mass terms are both positive, this is the unstable situation when the field
is at the top of the hill and therefore any particle produced at this stage will have
imaginary mass. To get stable excitations, we need to shift the zero of the field
to coincide with the minimum potential as indicated in figure 2.3. To do this we

substitute p = v 4+ h, which gives the following Lagrangian:
1 2 2,2, L oon 9 s Loy
L= 5(8h) — Avh” + v Ow*® — Avh® — Z_l)\h : (2.5)

where h represents the vibration of the field that results in the change in potential
energy and p is the angular changes of the field from real to imaginary values. We

can now afford to lose the higher order self-interaction terms which leaves us with a

9
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more simpler Lagrangian:
1 2 2,2 L oog o

The negative mass term, —\v?h?, is evidence that any Higgs particle resulting
from the excitation of this field will have real (positive) mass. This is the excitation
at any point on the valley in figure 2.3 resulting from the vibration of the field
with some changes in potential energy. There is another particle produced by the
excitation of this field, the Goldstone particle from the last term (+3v?0w?). Since
the last term is positive and is independent of the radial vibration (h), it means it
results from the vibration of the field in the ¢ direction only (without any change in
the potential energy) and so the Goldstone particle produced by this oscillation of
the field will have zero mass. We get the mass of the Higgs particle by comparing
the mass terms from equation 2.3 and equation 2.6 which gives my, = V2 2. After
spontaneous symmetry breaking, the complex scalar field produces not only the

massive Higgs particle, but also the mass-less Goldstone particle.

2.4.1 The Complex Doublet Field

So far we have only considered a scalar singlet field which is why we only get
one Goldstone particle and a Higgs particle. To understand the origin of the W=
and Z boson mass, we need a field structure with more degrees of freedom. The
complex doublet field will result in the Higgs particle plus three Goldstone particles
which donate the three extra degrees of freedom required for W* and Z particles to
acquire mass terms. The photon cannot couple to the Higgs field without violating
gauge invariance so it remains mass-less, as predicted by the Standard Model. The

scalar doublet with four components can be written as:

T 1 ;
b= ¢0 _ L o1+ @‘¢2 7 (2.7)
¢ V2 \ @5 + iy
where ¢' represents a charged field with two components (¢; + ¢») and ¢° represents
a neutral field with two components (¢3 + ¢4). The potential energy of the field is

given by equation 2.3 and the covariant derivative [15] for the field in the kinetic

term can be written as:

/

Dyé = (9 + igT' W' + z%Buyp. (2.8)

Only the neutral component of the field can acquire the vacuum expectation value

so we choose only ¢° and write:
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o_ L [0
VAN o

To get the W* and Z boson masses, we write only the contribution of the gauge

boson mass and ignore terms with h

2

(D6)"(Dut) = ¢ (M o ) (0) (2.10)

—gWE —i—g’Bu v

(D"6)*(D,0) = (WD + @WD+ @We— g B (211)

W is the SU(2), gauge boson (W= and Z) and B, is the U(1)y gauge boson (7).

This gives the charged gauge boson and its mass as:

Wt=-—#___I 2.12
p 7 (2.12)
2,2
mis = %, (2.13)
as well as the neutral Z particle and its mass as:

W3 —g¢B
Z, = Wi =9 By : “), (2.14)

9>+ (4)?

2 271
— M' (2.15)

If we use a doublet field, we will have three additional degrees of freedom (from
three Goldstone particles), one for each gauge boson (W* and Z) to acquire the
mass term. This is the reason why W* and Z particles are observed to have have

mass in experiments.

2.4.2 Higgs Boson Production and Decays

The production mechanisms for the Higgs boson at the LHC are introduced in
this section. The four main production mechanisms according to the size of the
production cross-section are: gluon-gluon fusion (ggF'), vector boson fusion (VBF),
higgstrahlung or vector boson associated production (VH) as well as the top pair
associated production (¢tH). The leading order Feynman diagrams for Higgs boson
production mechanism are shown in figure 2.4. Since the Higgs boson coupling to
the top quark is much stronger compared to the other quarks, we consider only top-

quark loops in the ggF production mechanism. Figure 2.4 shows only the diagrams

11



Chapter 2: Theoretical background

g

(c) (d)

Figure 2.4: The leading order Feynman diagrams for the (a) ggF, (b) VBF, (c) VH
and (d) ¢H Higgs boson production mechanisms.

for the processes with the most contributions to the total Higgs boson production
cross-section at the LHC. The Higgs boson production cross-sections for the main
production mechanisms are shown in figure 2.5 (a) [16] and the branching ratios
are shown in figure 2.5 (b) [17]. Some of the main decay modes of the Higgs boson
are introduced in this section. The Higgs boson is unstable and it decays to other
more stable particles immediately after it is produced. The fermionic decay modes
involve the decay of the Higgs boson into leptons and quarks. These are: pu*u~,
7777, c¢ and bb decays. The strength of the interaction between the Higgs boson
and fermions is proportional to the mass of the fermion. This means the Higgs boson
is more likely to decay to heavier fermions, for example, the bb decay is more likely
to occur than the u* = decay. The Higgs boson also decays to gauge bosons W*W =
and ZZ when the mass of the Higgs boson is approximately twice the mass of the
top quark (my > 2m;). The WW decay has the larger branching ratio than the ZZ
decay mode. The ZZ decays leptonically to four leptons in the H — ZZ — 4¢ ({ =
p and e). Although this Higgs boson decay mode has a small branching fraction, it
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Figure 2.5: (a) The Higgs boson production cross-sections in the range 80 GeV

< my < 1000 GeV and (b) the Branching Ratios for the main decay modes of the
Higgs particle at the LHC in the range 80 GeV < mpy < 1000 GeV.

is easy to reconstruct with small background in the signal region. The Higgs boson
also decays to photons and gluons via a heavy quark loop. This is because the Higgs
cannot couple directly to the gluon or photon so loop corrections with heavy quarks

must be applied.

2.5 The Madala Hypothesis

The Madala hypothesis [18, 19, 20] was developed to search for physics beyond
Standard Model (BSM). This hypothesis was formulated in 2015 by colleagues at the
Wits Institute for Collider Particle Physics and Harish-Chandra Research Institute
(HRI) as an attempt to explain several anomalies observed in Run 1 experimental
data from the LHC. This predicts the existence of a heavy scalar (H), named the
Madala boson, with mass constrained between (2m;, < my < 2m;). The mass of the
heavy scalar is restricted to 2-times the mass of the top-quark due to the increase
in the top Yukawa coupling for masses above 2m; and the heavy scalar will decay
preferentially to a pair of top-quarks. This was done to explain a distortion observed
in the Higgs boson transverse momentum (p}) spectrum and other anomalies. These
anomalies in the p% spectrum were first observed in Run 1 data and they still persist
in Run 2 data. This distortion in the p spectrum can be interpreted as an indication
for the heavy Higgs particle production and can be seen as a hint for new physics
beyond the Standard Model. The Standard Model is extended by adding to the

Lagrangian, another term (Lpsys) containing BSM interactions:
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L=Lsy+ Liswm. (2.16)

The BSM term contains the quartic interaction, the Yukawa interaction and the

trilinear interaction terms given by:

Ly = 549 K5 G WGP H + Boi V, VI, (2.17)
Lr= —%(AHhhHhh), (2.18)
1
Lo =~ AummHHAD, (2.19)
1 _ _
Ly = ——=(yunttH + yuwrbbH). (2.20)

V2

The term fykj ! is the coupling strength of H with gluons, 8, k51, is the coupling
strength of H with vector bosons and vev = 246 GeV is the vacuum expectation
value which gives mass to the W= and Z bosons after spontaneous EWSB. In the
simplified model, a mediator (S) is introduced and it is assumed to be a Higgs-like
scalar with mass in the range (m;, < mg < my — my,). This Higgs-like scalar may
decay to vector bosons and lead to a number of leptonic and hadronic final states.
The production of S is mainly through the (H — Sh and H — SS) decay modes

of the heavy scalar and the Lagrangian for this interaction can be written as:

Lins = —= [AwnshhS + AusshSS + ApnsHHS
2 (2.21)
FAussHSS + Nuns HRS.

This gives S the vacuum expectation value. S is given Higgs-like branching ratios

by fixing the parameters in the Lagrangian that describes it:

Lo =250 ggomege o S0 gpwp, O‘:SZZ SZ"Z,

481w 4mo ™
+ 252 g w4 S gy (2.22)
47 47
MyRsf
- —=S5ff.
> sy

Parameters of the hypothesis are constrained using results from top-pair associated
Higgs particle production (ttH), the Higgs boson transverse momentum spectra,
di-Higgs boson searches (H — hh) as well as VV (W*/Z) decays. The selection of
CMS and ATLAS results that were used to constrain the parameters in the Madala
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Table 2.2: List of experimental results that were used to constrain parameters in
the Madala hypothesis (see reference [18]).

Results Publication
Differential Higgs ATLAS Fiducial cross section measurements on
boson pr spectra h — ~v [21] and h — ZZ — 4l [22]
CMS Fiducial cross section measurements on
h — ~v [23] and h — ZZ — 4l [24]
Di-Higgs boson ATLAS Limits on H — hh — bbrT, yyWW*
resonance searches yybb and bbbb [25)]

CMC Limits on H — hh — ~ybb [26], bbrT [27],

y7bb and multi-leptons [28]

Top-associated Higgs | ATLAS | Limits on h — v [29], Measurements on
Production multi-lepton channels [30] and h — bb [31]

CMS Limits on h — vy and h — bb [32)]

H — VV decays ATLAS | Limits on H — WW [33] and H — ZZ [34]

CMS Limits on H — WW and H — ZZ [35]

Hypothesis are shown in table 2.2. Some of the decay modes of the heavy scalar are
shown in figure 2.6. Introducing this heavy scalar and a mediator into the 2HDM
model leads to five new scalars (A, H, h and H*). The six scalars resulting from
embedding H and S into the 2H DM are shown in table 2.3, each with its possible

decay modes for the given mass range.

The scalars presented in table 2.3 with their decay modes increase the number
of searches associated with the Madala hypothesis. A is a C'P-odd pseudo-scalar
with a number of decay modes including A — tt, ZH, Zh, ZS and WTH?*. The
A — ZH decay mode was optimized using fiducial (truth) mini-trees in events with
four leptons and missing transverse energy. This study is summarized in Appendix
A. The heavy scalar decays in a number of ways including H — Sh, H — hh and
H — SS where the Standard Model Higgs boson with mass (m;, =~ 125 GeV) is
denoted by h and the scalar S decays to W* and Z-bosons assuming it has a mass
of around 160 GeV. This leads to events with leptons, jets and missing transverse

energy.
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(b)

Figure 2.6: Feynman diagrams showing some of the decay modes of the heavy scalar
boson: (a) H — Sh and (b) H — V'V where V is either a W or a Z boson.

Table 2.3: Some of the main decay modes for all 2HDM + S scalars.

Scalar Decay Modes

h 27, WYW=, gy, Zry, 7577, phpu™, ¢, gg,bb

H 27, WtW=, 88, Sh, hh, vy, Z~, 707, wtp~, cc, gg,bb

S ZZ, WYW=, xx, ¥v, Z7, 7577, phu™, e, gg,bb

H* | ZZ WYW=, Wrh, WS, W*H, vy, Z~, 757, ptu~, e, gg,bb
A ZZ, WHW~—, Zh, ZH, ZS, tt, vy, Z~, 757~, p*u~, cé, gg,bb

Table 2.4: A summary of the SM+BSM fit results and the results of their combina-

tion as discussed in reference [36].

Selection Best-fit ﬁg Significance
ATLAS Run 1 SS [l and [l + b-jets | 6.51 4+ 2.99 2.370
ATLAS Run 1 OS eu+b-jets 4.09 + 1.37 2.990
ATLAS Run 2 SS leptons + b-jets | 2.22 4+ 1.19 2.01o0
CMS Run 2 SS leptons + b-jets 1.41 + 0.80 1.750
CMS Run 2 OS ep 2.79 4+ 0.52 5.450
ATLAS Run 2 SS [l and [l + b-jets | 5.42 + 1.28 4.060
ATLAS Run 2 tri-lepton + EZ¥ss 9.05 £ 3.35 2.250
CMS Run 2 tri-lepton + E7ss 9.70 + 3.88 2.360
Combination 2.92 £ 0.35 8.040
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Figure 2.7: (a) A scan of the negative log likelihood ratios showing different di-
lepton plus b-jets and tri-lepton final states for Run 1 and Run 2 with ATLAS and
CMS. The black curve shows the likelihood fit for all individual results combined

(see reference [36]).
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Figure 2.8: The local py values for the Run 2 searches in the H — 4/ channel by
ATLAS and CMS, and the py values for ATLAS search in H — up channel, as a
function of the invariant mass of the final state system (see reference [37]).
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Much emphasis is being placed on the multi-lepton final states to try and under-
stand the discrepancies observed in Run 1 and initial Run 2 data. By considering
a simplified model where H decays to Sh (H — Sh) and assuming that S is a
Higgs-like scalar in order to reduce the number of parameters, one can try to under-
stand the discrepancies in the data for events leading to multi-lepton final states.
This is possible if S is a Higgs-like scalar and decays to a vector-boson pair (WW
or ZZ) leading to charged leptons (e and p) in the final state and h will mostly
decay to bottom-quarks. The masses in the model are constrained to my = 270
GeV and mg = 150 GeV and using only one parameter (ﬁ;) for the fit. Several fits
for the multi-lepton final state were performed using both ATLAS and CMS data.
Fit results for same sign (SS) di-leptons and tri-leptons in association with b-jets
and opposite sign (OS) lepton were performed using ATLAS and CMS Run 1 and
Run 2 data. The profile likelihood ratio for each multi-lepton final state as well as
the combined results (black line) are shown in figure 2.7 and table 2.4 [36]. The
fit yields ﬁ; = 2.9240.35 and the upper limit of the significance is z = 8.04¢ for
the SM+BSM hypothesis. The combination is obtained by multiplying the profile
likelihood ratios of each measurement. The significance for each fit was calculated
as a square root of the y-intercept shown in figure 2.7. This indicates the prospects
of BSM searches in the di-lepton plus b-jets and tri-lepton plus missing transverse
energy (E7*) final states.

Resonant searches in the four lepton decay channel are ongoing both in the ATLAS
and CMS collaborations. As it can be seen in figure 2.8 [37], hints from the analysis
of incomplete Run 2 data set that there might be excesses in the region of my = 250
GeV to my = 280 GeV. This figure shows the local py values drawn as a function
of the invariant mass of the final state leptons for the narrow-width resonance in
the ggF and VBF production modes. One can interpret these excesses as a hint for
physics beyond the Standard Model (BSM) in events with multiple leptons in the
final state. This is a good motivation for heavy boson searches in the H — ZZ — 4]
analysis channel using full Run 2 data and in the future of the LHC.

2.6 Summary

The success of the Standard Model of elementary particles is unprecedented.
All particles predicted by the model have already been confirmed in experiments.
This is after the last missing piece (the Higgs boson) was discovered in 2012 after
many years of searching. Much of the work going on since the Higgs boson was

discovered have been to perform accurate measurements of its properties and to
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search for heavier cousins of the Higgs boson that may shed more light into our
understanding of the universe. Although the Standard Model is a successful theory,
there are still many unanswered questions. It cannot, for example, explain the origin
of dark matter and dark energy, which constitute the largest part of the mass-energy
budget in the universe, the matter-antimatter asymmetry in the universe and it also
failed to quantize the fourth fundamental force (gravity) for elementary particles.
Parts of this has prompted the development of new theories that specifically search
for physics beyond the Standard Model.

In this chapter, two families of elementary particles called fermions and bosons
were described. We have seen that fermions are elementary particles with half integer
spins and are divided into two groups, leptons and quarks. Bosons are elementary
particles with integer spins. We introduced gauge bosons (particles with spin equal
to one) and scalar bosons (particles with spin equal to zero). Three of the four
fundamental interactions of nature were also introduced and the Higgs mechanism
and how it explains the acquisition of mass for the W* and Z bosons through
spontaneous breaking of electroweak symmetry. The production mechanisms and
decay modes of the Higgs boson at the LHC were also introduced as well as the
searches for new physics beyond Standard Model was also touched upon by looking

at a brief introduction of the Madala Hypothesis.
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The LHC Experiments

The Large Hadron Collider (LHC) is the largest particle accelerator in the world.
The LHC hosts four main experiments (ATLAS, CMS, ALICE and LHCDb) posi-
tioned at various points on the 27 km long accelerator. The LHC was designed
with two most important parameters, the maximum energy of the colliding pro-
ton bunches and the luminosity. The Linear accelerator strips away electrons from
hydrogen atoms and feeds all the resulting protons into the Proton Synchrotron
Booster. The beam of protons starts from the linear accelerator (LINAC2) all the
way to the Super Proton Synchrotron (SPS) before being injected into the LHC ring
at the energy of 450 GeV. At this point, the beam is split into two separate beams in
two opposite directions. The current LHC machine then accelerates protons, steer-
ing them into a circular path using dipole magnets until they reach the center of
mass energy of about 13 TeV. The instantaneous luminosity is proportional to the
total number of protons in the colliding bunches as well as the number of colliding
bunches. Integrated over a period of time for data taking, this results in what is
known as the integrated luminosity. The integrated luminosity relates the number

of events to the production cross-section for a particular process:
N =Lxo. (3.1)

This means the total luminosity of the LHC machine needs to be known in order to

accurately estimate the number of events for different production mechanisms.

The LHC has two general purpose detectors (ATLAS and CMS) which are used
mainly to discover and measure the properties of the Higgs boson and to search for
new physics beyond the standard model. In this section, a brief overview of the
ATLAS detector is provided, focusing on the detector systems and components that

are needed to reconstruct a variety of final state objects.
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Figure 3.1: The schematic diagram of the Large Hadron Collider showing the beam
path and the main collision points.

3.1 The ATLAS Detector

A Toroidal LHC ApparatuS (ATLAS) is one of two general purpose detectors
installed at the LHC that was used for the search and discovery of the Standard
Model Higgs boson in 2012 (see reference [5-6]). The ATLAS detector components
and their uses are discussed in this section. The ATLAS detector weighs approxi-
mately 7000 000 kilograms with the dimensions of 44 m in length and 25 m in height.
The different detector components are the Inner Detector (ID), the Calorimeters
(Electromagnetic Calorimeter and Hadronic Calorimeter), as well as the Muon De-
tector (muon spectrometer). The sketch diagram of the ATLAS detector is shown
in figure 3.2 [38]. ATLAS is designed with the positive z-axis in the direction of
the beam pipe, the positive y-axis is upwards towards the surface and the positive
z-axis towards the center of the LHC ring. Cylindrical coordinates (r, ¢,7) are used

where 7 is the pseudo-rapidity given by:

1= - (5] 82)

For massive objects such as jets, the rapidity (y) is used instead, and is defined as:

1 E+py
= —] . .
Yy 2n<E—pz) (3.3)
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Figure 3.2: The schematic diagram of the ATLAS detector showing its dimensions
and vital detector components.

21m
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Figure 3.3: The ATLAS Inner detector showing vital components used for final state
object reconstruction.

The angular separation between two particle tracks is expressed in terms of AR
and defined as AR = \/m . All ATLAS systems are arranged in concentric
cylinders wrapped around the beam pipe with the end caps arranged perpendicular
to the beam pipe. This arrangement of detector systems around the interaction

point ensures that the detector covers a solid angle of almost 47 steradian.
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Figure 3.4: The inner detector sketch shows the three components plus the new
insertable B-layer (IBL).

3.1.1 The Inner Detector

The inner detector (ID) is located at the center of the ATLAS detector near the
interaction point and it has a diameter of 2.1 m. The ID is used for the measurements
of the muon tracks close to the interaction point, providing accurate measurements
of the track parameters inside the 2 Tesla magnetic field. It is also used to iden-
tify and track particles coming from the primary and secondary vertices. There are
three main subsystems in the inner detector: the Pixel Detector, the Semiconductor
Tracker (SCT) and the Transition Radiation Tracker (TRT). The diagram in fig-
ure 3.3 [38] shows the dimensions and sub-components of the inner detector. The
pixel detector and the SCT are both made of silicon semi-conductors and together
they constitute what is known as the silicon tracker, with pixel detector being the
closest sub-component to the interaction point. The three sub-sections (Pixel detec-
tor, SCT and the TRT) and their radial distances from the beam pipe are shown in
figure 3.4 [39]. In order to have better track and vertex reconstruction performance
at the higher luminosities that were expected during Run 2 of the ATLAS detector
and to mitigate the effect of radiation damage to the innermost layer of the pixel
detector, a fourth layer, the insertable B-layer [40] was installed into the ATLAS

inner detector system.
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Figure 3.5: The sketch of the ATLAS LAr Calorimeter systems.

The silicon tracker provides space-point (R, ¢ and z) measurements for all par-
ticles that interact with it. Three space point measurements are registered in the
pixel detector and four measurements are registered in the SCT on average. When
charged particles cross the silicon sensors, they generate electron-hole pairs which
are then used to track the position of the particle inside the detector. The Transi-
tion Radiation Tracker is the largest of the Inner Detector systems. It consists of
approximately 300 000 drift tubes (straws) and each of the tubes is filled with a 70%
Xe, 27% COy and 3% O, gas mixture [41].

3.1.2 Calorimeters

The calorimeter system of the ATLAS detector surrounds the inner detector.
The Calorimeter system measures the energy of photons, electrons and hadrons. It
consists of the electromagnetic and hadronic Calorimeters. Each of these is a sam-
pling calorimeter with an absorbing material inserted where the particle energy is
deposited. Liquid Argon is an active detecting medium for the electromagnetic Bar-

rel, Electromagnetic End-Cap, Hadronic End-Cap and the Forward Calorimeters.

3.1.2.1 Liquid Argon Calorimeters

The first part of the ATLAS Calorimeter system consists of the Liquid Argon
(LAr) Calorimeters. These are the LAr Electromagnetic Barrel (EMB) Calorime-
ter, Electromagnetic End-Cap (EMEC) Calorimeter, Hadronic End-Cap (HEC)

Calorimeter and the Forward Calorimeter (FCal). The Electromagnetic calorimeter
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is divided into Barrel, End-Cap and Forward Calorimeters covering the pseudo-
rapidity range |n| < 1.475, 1.375 <|n| < 3.2 and 3.1 <|n| < 4.9, respectively, and
they all use Liquid Argon as an active material. It is used to measure the energy
of electrons and photons that go past the inner detector. It is made with Liquid
Argon as an active detecting material and Lead absorbers in the barrel and End-Cap
sections. The energy of the incident particle is deduced from the measured energy
loss of the particle shower. The design energy resolution for the Electromagnetic

Calorimeter is given by:

o(F) a b

= @ S e,
E E(Gev)  E(GeV) ~°

(3.4)

where a is called the stochastic term, b is the electronic noise term and c is a constant
term [42]. The hadronic calorimeter is another Liquid Argon Calorimeter located
just after the Electromagnetic Calorimeter. Hadronic showers are formed when the

incident hadron interacts with the detector material.

3.1.2.2 Tile Calorimeter

The Tile Calorimeter (TileCal) forms part of the hadronic Calorimeter and is
installed just outside of the LAr Calorimeters. It is used to measure hadronic activity
in the central region of the ATLAS detector up to a pseudo-rapidity of || < 1.7 [43].
Steel is used as an absorber and scintillating tiles are used as a detecting material.
Ionizing particles cause the scintillator to emit ultraviolet light which is directed to
photo-multiplier tubes (PMT). The PMT generates electrons which are collected at
the cathode as an electrical signal. The energy resolution in the hadronic Calorimeter

differs depending on the pseudo-rapidity region:

o(E) 50%
= 3% < 3.2 3.5
P oo forll< 55)
o(F) 100%
= 10% 3.2 < <4.9. 3.6
F - e fora2< i< (5.5)

3.1.3 The Muon Spectrometer

The muon spectrometer (MS) is the outermost part and is also the largest part
of the ATLAS detector, covering the pseudo-rapidity region |n| < 2.7. The Muon
Spectrometer consists of one barrel (n| < 1.05) and two endcaps (1.05 < |n| < 2.7).
It consists of toroid magnets used to bend the muon tracks and muon chambers used

for tracking and triggering. The toroid allows for the measurement of the momentum
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Figure 3.6: The schematic figure of the ATLAS muon spectrometer systems.

and trajectory of incident muon candidates. The muon spectrometer has four types
of muon chambers installed: the Monitored Drift Tube (MDT), the Cathode Strip
Chamber (CSC), the Resistive Plate Chamber (RPC) and the Thin Gap Chamber
(TGC). The MDT and CSC are used for accurate measurements of the muon tracks
in the central and forward regions. The MDT is made up of layers of tubes, each filled
with a mixture of argon and carbon dioxide gasses. Resistive Plate Chamber (RPC)
and Thin Gap Chamber (TGC) both constitute the trigger system in the barrel
and end-cap regions, respectively. The RPC is devided into low-py and high-pr
trigger components. All the detector systems of the muon spectrometer are shown
in figure 3.6 [44, 45].

3.1.4 The Trigger System

The trigger system helps to select only events with useful information for physics
analysis. The ATLAS trigger system contains information from the different detector
systems and allows for the removal of events that were recorded when the detector
was not functioning as expected. The pp-collision rate at the peak luminosity reaches
40 MHz. The system is divided into three levels: level 1 trigger, level 2 trigger and
the Event Filter. Level 2 and Event Filer together constitute what is known as the
High Level Trigger (HLT).

e Level 1: This is a hardware-based trigger level. It selects objects such as

electrons, photons, jets and high-pr muons. Muon candidates are identified
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using the RPC and TGC muon chambers. All events passing level 1 trigger

are transferred to trigger level 2.

o Level 2: This is the second level in the ATLAS trigger system and unlike
level 1, level 2 is software-based. Events from the level 1 Region of Interest
are subjected to further selection requirements and those that satisfy the re-
quirements in this level are transferred to the final level. This has the output
rate of 2kHz.

o Event Filter: The event filter is the final level of the ATLAS trigger system.
Events that pass at least one of the algorithms in level 2 are allowed for

processing with the average processing time of 4 seconds per event.

In Run 2, Level 2 and Event Filter are merged and referred to as the High Level
Trigger. The net output rate of the HLT is 1kHz. Only events that pass all trigger

levels are stored for the analysis.
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Object Reconstruction and Event

Selection

The description of the analysis channel is given in this section. Data as well as
signal and background Monte Carlo samples used in the analysis are introduced.
Heavy scalar searches are conducted in many Higgs boson decay modes at the LHC.
These include a number of final states such as di-photon (h — 77) decay channel as
well as different multi-lepton final states. In this section, emphasis is placed more
on the secondary decay of the heavy Higgs particle to a multi-lepton final state. The
H — 77 — 4l channel features an excellent electron and muon mass resolution and
a high signal to background ratio inside the signal region. For high mass studies,
the heavy Higgs boson decays to two on-shell Z-bosons, each decaying to a pair
of same flavor opposite sign (SFOS) leptons. This results in one quadruplet with
four isolated leptons in the final state. Compared with other Higgs boson decay
modes, the H — ZZ — 4l channel has small background events in the signal region
due to its easy-to-reconstruct final state objects. The most dominant background
is the non-resonant q¢ — ZZ and g9 — ZZ productions, which have the same
four lepton signature. This makes the ZZ background difficult to suppress. Other
small background contributions to the H — ZZ — 4l signal region are from tf
and Z+jets contributions. The ¢t and Z+jets backgrounds are reduced by applying
impact parameter requirements and isolation requirements to all events that enter

the signal region.

4.1 Data and MC Samples

4.1.1 Data Samples

Data from pp collisions are subjected to strict quality requirements and only
data from the ATLAS good run list (GRL) is used. This is the data that pass
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all quality checks or data recorded when the detector is functioning according to
expected standards. All data that fail the quality requirements are marked for
removal and will not be used in the analysis. The data was recorded at the center
of mass energy of /s = 13 TeV and corresponds to the integrated luminosity of
36.2 fb=! for 201542016 data, 43.6 fb=! for 2017 data, 59.9 fb~! for 2018 data and
140 fb~! for all 2015 to 2018 data combined.

4.1.2 Signal MC Samples

Vector boson fusion and gluon-gluon fusion signal samples are used for the anal-
ysis. All signal samples were generated with Powheg Box v2 [46] Monte Carlo gener-
ator. Powheg calculates ggF and VBF at next-to-leading order (NLO) in QCD. The
Powheg generator is interfaced to Pythia 8 [47] for parton showering and hadroniza-
tion and using NNPDF23LO [48, 49] PDF set for the hard scattering process. Signal
samples used have mass points between my = 200 GeV and my = 1000 GeV at 100
GeV intervals from the narrow-width approximation (NWA).

4.1.3 Background MC Samples

Background in the H — ZZ — (T{~{"{~ decay channel consist of contributions
from qq — ZZ, g9 — ZZ, tt and Z+jets events that enter the signal region. The
qq — ZZ background contribution is simulated with Sherpa v2.2.1 [50] generator
with NNPDF3.0NNLO PDF set [51] for the hard scattering process. The gg — ZZ
and tri-boson (ZZZ and WWW) contributions are simulated with Sherpa v2.1.1
event generator at leading order (LO) in QCD. Powheg Box v2 is used to model the

tt events with Pythia 6 used for parton showering and hadronization.

4.1.4 Main Background

The four lepton channel is dominated by the non-resonant ZZ production from
gluon-initiated and quark-initiated processes. This is the main background affecting
the HZZ studies because it also leads to the four lepton final state like the signal
process. The qq — ZZ background account for approximately 86% of the total
background in the H — ZZ — 44 channel, 10% for the gg — ZZ and 4% for all
other contributions (¢t and Z+jets) combined. The Z-boson does not couple directly
with the gluons so it is necessary to go through the heavy-fermion loop, as shown
in figure 4.1 (b).
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(a) (b)

Figure 4.1: Feynman diagrams for the non-resonant ZZ production of four-lepton
events through the (a) quark- and (b) gluon-initiated processes.

The number of gq¢ — ZZ and g9 — ZZ background events is estimated using

Monte Carlo simulation.

4.1.5 Additional Background

The reducible background component to the H — ZZ — 4¢ channel comprises
Z+jets and tt events, as well as another small contribution to the reducible back-
ground coming from W Z events. Reducible background results from light flavor jets

that are misidentified as electrons and muons.

(a) (b)

Figure 4.2: Feynman diagrams for the reducible background processes showing (a)
Z+jets and (b) t¢ production at the LHC energy scale.

It is estimated using both Monte Carlo simulation and data-driven methods.
This background component is suppressed by imposing impact parameter and iso-

lation requirements on all events that enter the signal region. The Reducible back-
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ground composition depends on the flavor of leptons that make the sub-leading pair
in the quadruplet. This background is therefore usually separated into £¢ + ete™
and 00 + ptu~ categories. The €0 + u*p~ category includes events from Z+jets
and tf backgrounds shown in figure 4.2. The Z-+jets background is a contribution
from both heavy-flavor (bb) and light-flavor jets. To estimate the number of events
(yield) for the £¢ + ptu~ category, four control regions (CR) are defined. These are
inverted impact parameter significance control region, inverted isolation CR, same
sign CR on the sub-leading pair and different flavor CR on the leading pair. Each
of these control regions is designed to improve the statistics of one or more of the
background processes. The number of events obtained in the control region are ex-
trapolated to the signal region using transfer factors. The £/ + eTe™ category arises
from light-flavor jets that are misidentified as prompt electrons, from photon con-
version as well as the leptonic decays of heavy-flavour hadrons. The 3¢ 4+ X control
region with three leptons selected with nominal selection criteria and one lepton (X)
with relaxed selection criteria is defined using data-driven techniques. Extrapolating
to the signal region requires the use of transfer factors which are calculated using

Monte Carlo simulation.

4.2 Signal Production

The production of the Higgs-like candidates at the LHC proceeds via four main
production mechanisms. The most dominant production mechanism according to
the production cross-section is the gluon-gluon fusion mechanism. This is followed by
the vector boson fusion production as discussed in section 2.4.2. Other important
production mechanisms of the Higgs boson at the LHC consist of the associated
production with the vector boson (ZH or W H) as well as the associated production
with a pair of top quarks (t¢H). Out of the four main production modes, the ggF
production mechanism contributes about 88% to the total Higgs-like production
cross-section. Contributing about 7% to the total cross-section, the vector boson
fusion mechanism is the second most dominant process at the LHC. 4% and 1%
contributions to the total cross-section come from the higgstrahlung (V H) and ttH

processes, respectively.

4.3 Object Reconstruction

Each particle leaves a unique signature in a specific part of the ATLAS detector.
To extract signal events from different background contributions in the signal region,

it is necessary to define the expected final state objects and to define a selection
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criteria for choosing clean signal events.

4.3.1 Electrons

Two detector systems are critical to reconstruct electron candidates in ATLAS.
Clusters in the Electromagnetic calorimeter are identified and then matched with
the particle tracks from the inner detector system. All electron candidates must
be in the pseudo-rapidity range |n| < 2.47 and within a cone of AR = 0.2. Pos-
itive and negative charge electrons are identified by the direction towards which
their curved tracks go. Loose, medium or tight-likelihood working point is used to
identify electron candidates. The suppression of heavy flavour background contribu-
tion is improved by adding the transverse impact parameter and transverse impact

parameter significance to the likelihood discriminant.

4.3.2 Muons

Muon candidates are reconstructed by matching all tracks in the inner detector
with information from the muon spectrometer. All muon candidates must be in
the pseudo-rapidity range || < 2.7 and within a cone of AR = 0.3. Depending on
the reconstruction, four types of muon objects can be distinguished: stand alone
muon, combined muon, segment-tagged muon and calorimeter-tagged muon. For
stand alone muon type, the particle track (trajectory) is reconstructed using only
information from the muon spectrometer. Combined muon consist of tracks in the
inner detector and tracks in the muon spectrometer which are then combined with
a global fit. Segment-tagged muon consists of segments in the Monitored Drift
Tube and Cathode Strip Tube muon chambers which are matched with tracks in
the inner detector. Segment-tagged muon objects increase the acceptance for low-pr
muons. Tracks associated with energy deposits in the ATLAS calorimeter give rise

to calorimeter-tagged muon candidates.

4.3.3 Jets

The anti-kp-algorithm® with a distance parameter R = 0.4 is used to reconstruct
jets [52]. Jets from pile-up events are suppressed by imposing a requirement on the
the jet vertex fraction which ensures that only jets from the primary vertex are
considered. Jet reconstruction algorithms help to distinguish between events from
VBF, ggF and VH production modes. Jet objects are requested within the pseudo-

rapidity range |n| < 4.4 and a transverse momentum requirement of pr > 25 GeV.

! Anti-k7 is a clustering algorithm that is used to select only calorimeter cells with significant
energy deposits. More information on the anti-kp-algorithm can be found in Reference [52].
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4.4 Four-lepton Event Selection

For high mass analysis in the H — ZZ — 4¢ decay channel, events with exactly
four leptons (one quadruplet) are selected in four different channels or categories
(4de, 4p, 2u2e and 2e2u) with only muon and electron candidates as part of the final
state. We select 2u2e or 2e2pu by choosing a pair closest to the mass of the Z-boson
(91.2 GeV) [53] so instead of using four channels we tend to combine 2u2e and 2e2u
into one channel and call it 2u2e. All four lepton events are required to originate
from a vertex with at least two associated tracks [54]. To reconstruct the final
state objects for the four lepton channel, electrons are required to have pr > 7
GeV and with |n| < 2.47. Requirements for muon candidates is pr > 5 GeV and
with |p| < 2.7. Not more than one calorimeter-tagged, segment-tagged or stand-
alone muon candidate in the pseudo-rapidity range 2.5 < |n| < 2.7 is allowed per

quadruplet.
4.4.1 Quadruplet Selection

The Higgs boson candidate is obtained by selecting one quadruplet (two same
flavour opposite sign lepton pairs) with pr > 20, 15, 10 GeV for the first three leading
leptons. The separation requirement of AR = \/(An)2 + (A¢)? > 0.10 (0.20) for

same- (different-) flavour leptons are required and all quadruplets containing a pair

of leptons with invariant mass smaller than 5 GeV are vetoed. This requirement on
the di-lepton invariant mass helps to reduce the contamination from .J/¢ mesons in
the analysis. The leading lepton pair is chosen by selecting a pair with invariant
mass (mq2) closest to the mass of the Z-boson and is required to be between 50 GeV
and 106 GeV. The invariant mass of the third and fourth leptons in the quadruplet
(ma4) is required to be in the range (my, < msy < 115 GeV) where my, is the
threshold mass and ranges between 12 GeV and 50 GeV, depending on the invariant
mass of the quadruplet and it remains 50 GeV for high mass studies (mg > 190
GeV). The threshold (my,) increases linearly with my; from the lower value of 12
GeV to the highest value of 50 GeV in the range 140 GeV < my;.

4.4.2 Isolation and Impact Parameter

Calorimeter-based and track-based isolation variables are used to separate iso-
lated electron candidates (prompt electrons) from the final state objects originating
from hadronic decays and mis-identified as electrons. The track-isolation discrimi-
nant, defined as the sum of the transverse momenta of tracks inside a cone of size
AR = 0.3 (0.2) around the muon (electron) excluding the lepton track itself, divided
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by the pr of the lepton, is required to be smaller than 0.15. The calorimeter-based
isolation discriminant similarly adds up the cluster E; values used to reconstruct
jets within a cone of width AR = 0.2 around the barycentre of the candidate lepton.
The Er sum divided by the pr of the lepton needs to be smaller than 0.3 for muon

objects and 0.2 for electron objects.

The longitudinal impact parameter requirement of less than 10 mm for both elec-
trons and muons is required, while the transverse impact parameter requirement of
1 mm is applied for muons. This requirement allows for identification of events that
are not from the primary vertex (background events). The primary vertex is defined
as the vertex with the largest >_p2 which is calculated from associated tracks, while
the others are identified as pile-up vertices. The requirement on the transverse im-
pact parameter significance |do/ody| < 3.5 for muons and |dy/ody| < 6.5 for electrons
must also be fulfilled [55], where dy represents the distance of closest approach to
the interaction point and odj is the error associated with dy. Track-based isolation
requirements, calorimeter-based isolation requirements, primary vertex constraint
as well as the impact parameter requirements on lepton candidates help with the
suppression of the sub-dominant ¢ and Z+jets background contributions [56]. The
requirement for tracks to originate from the primary vertex is used to suppress

contribution from pile-up [57] events.

4.4.3 Overlap Removal

To prevent over-counting of the reconstructed events, all overlapping events are
removed by requiring all events to be separated from other objects with clusters
and/or tracks. Overlaps between leptons is prevented by requiring that AR(¢, () >
0.1 between leptons of the same flavour and AR(¢,¢) > 0.2 between leptons of
different flavours. The overlap between electrons and jets is prevented by removing
any jet candidate that appear within AR(e, jet) < 0.2. The overlap between muons
and jets is removed by removing any jet candidate that appear within AR(u, jet) <
0.1.

4.5 Pile-up

The Instantaneous luminosity for ATLAS increases from 2015 to 2018 data-
taking period. With an increase in the total luminosity comes an increase in the
average number if interactions per proton bunch crossing (pile-up). The change in

the luminosity from 2015 to 2018 and the average number of interactions per bunch
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Figure 4.3: The luminosity for the 2015 to 2018 data-taking period in figure (a),
and the mean number of interactions per proton bunch crossing in figure (b).
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Figure 4.4: Comparison of mc16a with mc16d using the my; distribution for the (a)
2p2e and (b) 44 final state.

crossing are shown in figure 4.3. The luminosity plot shows clearly the luminos-
ity of the data delivered by the LHC, the luminosity of the data recorded by the
ATLAS detector as well as the luminosity for the data that is good for use in per-
forming physics analysis (data from the ATLAS good-run-list). Pile-up results from
additional proton-proton collisions occurring at the same time as the collision of

interest.
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Figure 4.5: Comparison of the shapes of mcl6a with mc16d using the n distribution
for the positive charge lepton of the leading Z-boson in the (a) 4e, (b) 4u, 2u2e and
(d) 4¢ final state.

Two types of pile-up events can be distinguished: the in-time pile-up and out-of-
time pile-up. The earlier results from multiple interactions within the same proton
bunch occurring at approximately the same time, and the later results from in-
teractions in different nearby proton bunches occurring at approximately the same
time. This difference in pile-up is expected between the Monte Carlo correspond-
ing to the data recorded during the 201542016 data-taking period (mcl6a) and
the Monte Carlo corresponding to the data recorded during the 2017 data-taking
period (mcl6d). This change in pile-up may affect the shapes of the signal and

background kinematic distributions and the number of events between mcl6a and

36



Chapter 4: Analysis Description

mcl6d. One may be able to see if there is any effect that this change in the pile-up
conditions has by comparing shapes of the kinematic variables and the number of
background events. Any significant deviation in the shape of these distributions may
be an indication of the effect of pile-up between mcl6a and mcl6d samples. These
comparisons are shown in figure 4.4 and 4.5. The number of expected qq — ZZ
background events for mc16a and mc16d was also compared. Since we are comparing
samples with different integrated luminosity, we normalize both of them to the same
luminosity to ensure fair and correct comparison of the number of events. Table 4.1
shows the expected irreducible background (gq — ZZ) yield which is calculated in
the range 140 GeV < my, < 800 GeV.

Table 4.1: qq — ZZ background yields in the mass range 140 GeV < my, < 800
GeV.

4/ 4au 4e 2u2e
MC16a 806.05 249.92 157.76 398.38
MC16d 776.49 240.28 152.44 383.78
M16a 1.038 1.040 1.035 1.038

MC16d
% difference 3.8 4.0 3.5 3.8

The study shows no significant deviation in the shapes of the signal distributions
due to the change in the pile-up conditions and only 3.8 percent difference in the
number of background events between mcl6a and mcl6d samples in the inclusive
(4¢) final state is observed as shown in table 4.1.

4.6 High Mass Parameterization

4.6.1 The Signal Model

The high mass signal for the Narrow-Width resonance is modelled using the sum
of a Gaussian function and a Crystal Ball function. Narrow-width signal samples
with mass points from 200 GeV to 3000 GeV for both ggF and VBF production
mechanisms are used. The probability density function (PDF) used for narrow-

width signal modelling is defined by:

Py(muy) = fo x C(ma; p, oc, ac,ne) + (1 = fo) x G(ma; 1, 0¢). (4.1)

The width of the crystal ball function (o¢) is different from that of a Gaussian
function (o¢), while the mean (u) is the same for both functions and the parameter
(fC) is used to control the relative normalizations of the Gaussian and Crystal

Ball. The a¢ and ne parameters are used to control the tail of the crystal ball
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Figure 4.6: Example of the fitted my, distribution in the (a) 4e final state and (b)
4 final state for my = 300 GeV mass point.

function. The signal parameterization is done separately for ggF production mode
and VBF production mode. All mass point from 200 GeV to 3 TeV are used for
signal parameterization, but only the distributions for my = 300 GeV in the 4e
and 4p final states are shown in figure 4.6. The green dotted line represents the
Crystal Ball function and the gray dotted line is the Gaussian function. The tail of
the signal distribution in the final state with electrons (4e and 2u2e) is described by
both Gaussian and Crystal Ball functions but in the 4 channel, the tail is described
by the Crystal Ball function only.

4.6.2 The Background Model

The my; distribution for q¢ — ZZ and g9 — ZZ background is parameterized
by an empirical function and with Monte Carlo simulation. The function used for

the background model can be written as:

fzz(ma) = (fr(ma) + fa(ma)) X H(mg —muy) X Co+ f3(ma) x H(my —myg). (4.2)

The off-shell analysis in the low mass region is described by the first part (f;) and
f3 describes the tail in the high mass part of the my, spectrum. The normalization

factor Cy ensures that the function is continuous around mg and is defined as

f3(m0)

0= F o) + folm)

(4.3)
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Figure 4.8: A fit to the gg — ZZ background in the 2u2e channel.

The other parts of the function can be written as:

fl (m4£) —_ e(al"!‘GL277’L42-‘rﬂbgﬂ’biz)7 (44)
1 erf(mg —by) 1
fo(mag) = 5t b, E=a) (4.5)
1+e\ s
quZEW(mM) = Exp(cy + comye + 03mi€ + c4mi'q7), (4.6)
fquZ’ggZZ(mM) = Exp(ci + comae + c;;m?w + c;;mie + c5mj£ + cgmy). (4.7)

The letters a;,b; and c¢; represent the shape parameters obtained by fitting the

invariant mass distribution for all categories using the ZZ background Monte Carlo.
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A fit to the q¢ — ZZ distribution is shown in figure 4.7 and a fit to the g9 — ZZ

distribution is shown in figure 4.8 using the my, distribution in the 2u2e final state.

4.7 High Mass Acceptance

Signal acceptance is defined as a ratio of the number of events passing the selec-
tion for H — ZZ — 4¢ channel (introduced in section 4.4) to the total number of

generated events in each final state for ggF and VBF production modes.

% ATLAS: Simulation Work in Progress % ATLAS: Simulation Work in Progress

99F~H- 4u « ggF-H- 4u

o QggF-H- 4e o QggF-H- 4e
ggF - H- 2u2e ] o ggF-H- 2u2e
VBF-H- 4/ VBF-H- 4/

w I

S S
-
o
oS

w
S

N

o
\

1Y
[N)
o

_____

Acceptance (%)
\
\
\
Acceptance (%)
\
-
\

——
—

—
o
4
1
é
1
1
14
1
®
1
|
aQ
1
3
1
1
1
1
13
1
|
1
i
1
1
*
1
1
1
1
b4
1
1
1
1
.
—
o
*
\
1
\
\
-

____________
_______
o
________
-—

200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

my [GeV] my [GeV]
(a) (b)
Figure 4.9: High mass Signal Acceptance for each production mode with cut-based

categorization. The plots show three ggF categories as well as one VBF category
for (a) VBF production and (b) ggF production.

The contribution from tau lepton decays is not included in the calculation of
acceptance. These calculations were done for cut-based VBF categorization where
events with two or more jets and satisfying m;; > 400 GeV and An;; > 3.3 are
selected for the VBF category and merging all Monte Carlo campaigns (mcl6a,
mcl6d and mcl6e). For high mass studies, both Z-bosons are on-shell so it is only
the measurement resolution that decides which way the pairing occurs. We select
2u2e or 2e2p by choosing a pair with the invariant mass closest to the mass of the
Z-boson (91.2 GeV) so instead of using four channels, we combine 2u2e and 2e2u
into one channel called 2u2e. Signal samples from 200 GeV to 1600 GeV are used

and the acceptance is calculated separately for ggF and VBF production modes.

40



Chapter 4: Analysis Description

Table 4.2: Signal acceptance for ggF and VBF production modes in the four-lepton
channel calculated using all Monte Carlo campaigns. The Acceptance is shown for
my = 200 GeV to my = 500 GeV resonance mass points.

my Prod-mode ggF-category VBF-category
au 4e 22e 4/
200 GeV ggF 13.1% 8.7% 22.1% 1.1%
VBF 9.0% 5.7% 14.6% 18.8%
300 GeV ggF 12.9% 9.1% 22.8% 1.6%
VBF 8.9% 6.0% 15.2% 20.4%
400 GeV ggF 14.4% 10.5% 25.0% 2.0%
VBF 9.3% 5.9% 14.7% 22.6%
500 GeV ggF 15.5% 11.0% 26.3% 2.3%
VBF 9.5% 6.8% 16.0% 23.9%

Table 4.3: Signal acceptance for ggF and VBF production modes in the four-lepton
channel calculated using all Monte Carlo campaigns. The Acceptance is shown for
myg = 600 GeV to my = 900 GeV resonance mass points.

my Prod-mode ggF-category VBF-category
4u 4e 2/2e 4/
600 GeV ggF 15.6% 10.9% 26.8% 2.7%
VBF 9.2% 7.0% 16.0% 23.6%
700 GeV ggF 15.5% 11.8% 27.7% 3.2%
VBF 9.9% 8.3% 16.9% 25.1%
800 GeV ggF 16.6% 12.5% 28.4% 3. 9%
VBF 9.8% 8.0% 17.6% 26.0%
900 GeV ggF 16.0% 12.7% 28.5% 4.1%
VBF 10.2% 8.3% 17.9% 27.5%
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4.8 High Mass Control Region

Comparison of 2018 data sample with the corresponding Monte Carlo sample
(mcl6e) in the Side band is performed. The number of events and some distributions
in this region are presented in this section. The study was conducted to check for
discrepancies between 2017 data and 2018 data events, as well as 2018 data and
Monte Carlo (mcl6e) events. A cut is applied on the four lepton invariant mass
requiring only events satisfying 70 GeV < mpy < 110 GeV and 140 GeV < my <
200 GeV mass range in order to select the Control Region for high mass analysis.
As it is evident in the table and in figure 4.10, the presented yields are calculated in
the side band without contribution from the gluon induced irreducible background
(99 — ZZ) events. The observed discrepancy between data and MC in the side
band is expected in this case given that the gg — ZZ contribution (=~ 10% of the
total background) to the Monte Carlo was not included in the calculation of the

number of events shown in figure 4.10 and in table 4.4.

Table 4.4: The number of events for the 2018 data and mcl6e samples in the side band
[70 GeV, 110 GeV] and [140 GeV, 200 GeV] with 59.9 fb~1.

Channel qq¢ — ZZ Z+jets, tt Data 2018 Data/MC

4u 166.2 1.149 205 1.225
4e 87.5 1.444 95 1.069
212e 189.1 3.182 241 1.253
4/ 442.8 5.776 541 1.206

The lepton transverse momentum for the positive charge lepton in the leading
lepton pair and the rapidity of the four-lepton system is shown in figure 4.10. The
leading lepton pair is defined as a pair with the invariant mass closest to the mass of
a Z boson (see section 4.4.1). A similar study was also done by comparing 2017 data
with 2018 data using the same selection of events. The distributions in figure 4.11
show the comparison between 2017 and 2018 data sets. To ensure a fair comparison
of the two samples, 2017 data was re-scaled to the total luminosity of the 2018
data sample (59.9 fb~1). The study shows good agreement in the number of events
between 2017 and 2018 data in the high mass side band.
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Figure 4.10: Comparison of the 2018 data set with mc16e using (a) The transverse
momentum of a positive charge lepton in the leading lepton pair and (b) the rapidity
of the four-lepton system.
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Figure 4.11: Comparison of 2017 data set with the 2018 data set using (a) four
lepton invariant mass and (b) the missing transverse energy.
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Event Categorization for Narrow

Resonance Searches

The categorization of events into ggF' and VBF categories is discussed in this
chapter for the H — ZZ — 4{ analysis channel. This can be done in at least three
different ways: the cut-based VBF classifier, Deep Neural Network (DNN) [58, 59]
classifier and a Boosted Decision Tree (BDT) [60, 61] classifier. A cut-based cate-
gorization method is used in this chapter with only a brief summary of the DNN
categorization method also introduced in section B.2. This study aims to provide
selection cuts that can be used to distinguish signal events produced via vector
boson fusion production mode from events that are produced via the gluon fusion
production mode. Events are classified as VBF or ggF categories using the opti-
mized selection as will be discussed in section 5.1. Events passing the optimized
selection cuts are classified into the VBF-enriched category and all remaining events
are classified into ggF-enriched category. This provides a method to obtain selection
cuts at which the sensitivity of the VBF production mode is maximum.

The characteristic two jet signature of the VBF production mode is explored
during the selection of the VBF events and is used for choosing clean signal events as
shown in section 5.1. The procedure shown here applies to the high mass searches in
the H — ZZ — 40 channel and assumes the production of a narrow-width resonance
(NWA). The distributions of the features that were used in the cut-based classifier

are shown in figure 5.1 for the my = 300 GeV signal mass point.

5.1 Cut-based Categorization

The optimization study based on the signal (VBF') selection efficiency and back-
ground (ggF) rejection is presented in this section. The €(S)x[1- €(B)] 2D maps are
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Figure 5.1: Two important features used for the selection of VBF signal events. The
invariant mass of the two leading jets and An;; defined as n;; — ;2 are shown in (a)
and (b) respectively for the my = 300 GeV mass point.

used to choose the most optimal selection cuts (m;; and An;;) for each signal mass
point. The variable €(S) represents the signal selection efficiency , €(B) represents
the background efficiency and 1- ¢(B) is the background rejection. The purpose of
this study was to see if better cuts on mj; and Anj;; can be found if the full Run 2
Monte Carlo with the total integrated luminosity of 140 fb~! is used for optimization
of the VBF signal. All VBF and ggF mass points between 200 GeV and 1000 GeV
are used in the study. Signal samples in this mass range are simulated in steps of
100 GeV as mentioned in section 4.1.2.

This section presents the VBF selection efficiency, ggF rejection as well as maps
showing the product of VBF selection efficiency and ggF rejection. By combining
€(S)x[1- ¢(B)] maps from all sample mass points and using this to determine the mj;
and An;; cuts corresponding to the maximum value, the overall optimal cut-based
selection that can be used for all signal mass points considered in this study can be
obtained. The obtained m;; and An;; cuts can then be compared with the current
standard cuts (m;; > 400 GeV and An;; > 3.3) to check if there is any improvement
in the VBF signal efficiency and background rejection with respect to the currently
used cuts. The decision on the final optimal cut-based selection depends mainly on
its ability to maintain high signal selection efficiency and high background rejection

across all signal mass points that were used in the study.
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Figure 5.2: Signal selection efficiency maps for (a) my = 200 GeV, (b) my = 300
GeV, (c) my = 400 GeV and (d) mpy = 500 GeV mass points.

5.1.1 Selection Efficiency

The signal selection efficiency was calculated as the ratio of the number of events
after the VBF selection cuts to the number of events before the VBF selection cuts
was applied. Four efficiency maps are displayed in figure 5.2 for the my = 200 GeV,
my = 300 GeV, my = 400 GeV and my = 500 GeV signal mass points. The rest

of the figures can be found in section B.1.
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Figure 5.3: background rejection maps only for the (a) mgy = 200 GeV, (b) my =
300 GeV, (c) my = 400 GeV and (d) my = 500 GeV mass points.

5.1.2 Background Rejection (1-¢(B))

To define background rejection in the VBF signal region, a fraction of non-VBF

events that are removed during the selection is calculated and it is the measure

of the ability of each applied selection cut to reject ggF events in the VBF signal

region. Background rejection is calculated in the 200 GeV to 1000 GeV mass range.
The maps for my = 200 GeV, my = 300 GeV, my = 400 GeV and my = 500 GeV

mass points are displayed in figure 5.3 and the rest of the maps in section B.1.
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Figure 5.4: ¢(S) x [1- ¢(B)] maps for the (a) my = 200 GeV, (b) my = 300 GeV,
(¢) mpy = 400 GeV and (d) my = 500 GeV mass points.

5.1.3 Product (e(S) x [1- ¢(B)])

The €(S) x [1- ¢(B)] plot is used to choose optimal selection cuts for each sample
in the 200 GeV < mpyg < 1000 GeV mass range. The plots in figure 5.4 were obtained
by multiplying the selection efficiency with the background rejection. To find the
selection that can be used for all mass points, the sum of all €(S) x [1- ¢(B)] maps

can be used as shown in figure 5.5.
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Figure 5.5: The €(S)x[1-¢(B)] 2D map for all nine mass points (my = 200 GeV to
my = 1000 GeV) and it provides the most optimal selection for all nine samples
that were used for event categorization.

Combinations of m;; (0 GeV to 1000 GeV) and An;; (0 to 5.5) cuts are in-
vestigated in figure 5.4 and the optimal selection for each mass point is chosen by
finding the cuts corresponding to the maximum value of €(S)x[1-¢(B)]. This method
provides selection cuts with good ability to reject non-VBF events and still main-
tain high signal selection efficiency. Signal efficiency and background rejection are
important features required when choosing the optimal selection cuts. Choosing
a very tight cut may result in excellent background rejection but very low signal
efficiency. The opposite is also true, choosing a loose cut may result in high signal
selection efficiency but poor background rejection. This trade-off can be seen clearly
in figure 5.6 as a small increase in background rejection and a small decrease in the
signal efficiency for the new cuts. The maximum value of the product e (S)x[1-¢(B)]
obtained in figure 5.5 reveals the new optimal selection cuts for all nine mass points
that were used. The currently used standard VBEF selection requires events with
two or more jets with pr greater than 30 GeV, are well separated in n and satisfying
m;; > 400 GeV and An;; > 3.3. Comparison of the new selection that is obtained

in this section with the standard VBF selection is discussed in section 5.2.
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Figure 5.6: Selection efficiency (a) and background rejection (b) as a function of
mass of the resonance for the optimal selection in the VBF category.

5.2 Summary of Results

The final optimal selection is decided by comparing cuts obtained in figure 5.5
(the new selection) with the currently used selection in the VBF category. In fig-
ure 5.6 (a) and figure 5.6 (b), a third set of cuts (m;; > 428 GeV and An;; > 3.1) is
included and this was obtained by taking the average of the cut values over all mass
points that are used in this study. The two sets of selection cuts obtained here
are compared with the standard cuts that are currently used for VBF selection.
This comparison is done to look for improvements in the selection efficiency and
background rejection for the chosen optimal selection with respect to the standard
cuts. These comparisons are shown in figure 5.6. The black line is the new selection
shown in figure 5.5, the green line is a new selection cut obtained by taking the
average over all mass points and the red line shows the currently used standard cut
which is used here as a reference cut-based selection. It can be seen in figure 5.6 (a)
and figure 5.6 (b) that the current selection is still good enough to use as cut-based
VBEF selection with high signal selection efficiency across all mass points. The new
cuts appear to have similar effect on the events in comparison with the standard
selection with only small differences in selection efficiency and background rejection
over the mass range considered in this study. It is recommended to keep the current
standard cuts (m;; > 400 GeV and An;; > 3.3) as optimal selection method for cut-
based event categorization in the H — ZZ — 4/ channel. All events passing this
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selection are classified into the VBF category and the selection can be used to search
specifically for narrow resonances produced via the VBF production mode. The rest
of the events are classified into any one of the three ggF categories depending on

the lepton flavour composition of the final state (4u, 4e and 2u2e).
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Conclusions

The work presented in this research is related to the searches for heavy resonances
in the H — ZZ — 4{ channel. The production of a heavy resonance with Higgs-
like decay modes via the vector boson fusion mechanism was the primary focus.
In order to search separately for resonances produced via the vector boson fusion
production mechanism, it is necessary to define a clear criteria for selecting only
VBF signal events. To achieve this, a cut-based VBF categorization study was
conducted using signal selection efficiency and background rejection. The method
presented here provides a way to separate events produced via the VBF production
mode from events that are produced via the ggF production mode. Events that pass
the optimized selection are classified in the VBF-enriched category and the rest of
the events are classified in any one of the three ggF-enriched categories according
to the flavour of leptons in the final state. Optimization of the VBF selection was
performed using selection efficiency and background rejection 2D maps and using
ggFH and VBFH samples in the 200 GeV < my < 1 TeV mass range. The study was
done using Monte Carlo samples only and by choosing events with two or more jets
with pr greater than 30 GeV and requiring that all events passing the optimized
selection cuts be categorized into VBF-enriched category. It was found that the
currently used selection is still good enough for use in the cut-based categorization
of VBF and ggF events with full Run 2 Monte Carlo corresponding to the total
integrated luminosity of 140 fb~!. It is recommended therefore to keep the current
cuts (m;; > 400 GeV and An;; > 3.3) as optimal cut-based selection to use for
narrow resonance searches.

The categorization of events in this study was done using the standard cut-based
method and it aimed only to distinguish VBF events from the ggF events in the
H — 77 — 40 analysis channel. The results presented here are valid only for
resonant searches in the H — ZZ — 4¢ high mass (mpy > 200 GeV) analysis.
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Current studies are also focusing on the categorization using a deep neural network
classifier (see reference [2]) in order to try and improve from the optimized cut-
based selection. The DNN-based categorization features a dedicated VBF classifier
called VBF-DNN and a dedicated ggF classifier called ggF-DNN. As in the cut-
based categorization, the DNN-based categorization study is also valid for high
mass studies in the H — ZZ — 4/ channel where the production of a narrow-width
resonance is assumed. A brief summary of the DNN-based event categorization is
given in section B.2. The final cut-based and DNN-based selection results can be

summarized as follows:

Cut-based categorization

« VBF-4/¢: All events with two or more jets and m;; > 400 GeV and An;; > 3.3.

o ggF-(4p, 4e and 2pu2e): All remaining events enter into this category.

DNN-based categorization

o VBF-4/: All events with two or more jets AND VBF-DNN output score >
0.8.

o ggb-(4p, 4e and 2u2e): All events with less than two jets AND ggF-DNN
output score > 0.5 OR events with two or more jets AND VBF-DNN output
score < 0.8.

o Background: All remaining events.

The optimal selection cuts presented here were chosen based on good overall perfor-
mance, high signal selection efficiency and with high background rejection across all
mass points that are used in the optimization study. This cut-based selection can
be used to select the VBF signal events in the 200 GeV < my < 1000 GeV mass

range and only for the narrow-width signal.
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Appendix A

A — ZH Signal Optimization
Study

The production of a heavy resonance in association with a Z-boson in A —
Z H decays is discussed in this section. A heavy Higgs-like scalar which was first
introduced in section 2.5 is produced here through the decay of a pseudo-scalar
(A). This is done using fiducial mini-trees produced with the ATLAS H4l Analysis
Framework [62]. A heavy resonance is produced in association with a Z-boson as
primary decay products of a C'P-odd scalar with varied mass from m4 = 350 GeV
to my = 450 GeV while the mass of the heavy scalar is fixed at my = 250 GeV for
all masses of A. A heavy scalar is allowed to decay to four leptons through a pair
of Z bosons (H — ZZ — 4¢) and the associated Z-boson is allowed to decay to
two neutrinos (Z — vv), leading to the final state with one quadruplet (two same
flavour opposite sign lepton pairs) plus missing transverse energy. The optimization
study presented in this chapter is based only on one mass of the pseudo-scalar (m4

= 375 GeV) and is done only with Monte Carlo samples.

A.1 The Signal

Four lepton events are selected as described in the nominal selection for the
H — Z7Z analysis with a b-veto, two central jets and low missing transverse energy
significance. A cut on EZ¢ or EZ** significance is decided by the optimization
study, which is based entirely on Truth Monte Carlo (MC events without detector
simulation). The ET** suppression was not necessary due to low background in the
four lepton channel signal region. All events are counted in the my > 130 GeV and
my < 400 GeV mass window. Truth events for the signal (A — ZH(250), Z —
vv, H — ZZ — 4l) were used to optimize the selection. The optimization study

was performed using the A(375) truth signal sample, as seen in section A.3.
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A.2 Data and MC

Figure A.1 shows the data and Monte Carlo comparisons using the transverse
momentum of the four lepton system (pi) and the number of jets distributions.
The purpose of figure A.1 is to see if there is good agreement between data and
Monte Carlo, which is also important to ensure that all background MC events are
used in the study for the purpose of calculating the significance. This comparison
is based on mcl6a Monte Carlo and 2015+2016 data set, both corresponding to the
integrated luminosity of 36.2 fb~!.
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Figure A.1: Data and MC comparison using the distributions for the transverse
momentum of the four leptons system p# (left) and the number of jets (right).

A.3 Optimizing the EZ** Cut

The signal is selected by choosing events with two or more central jets. Another
cut requiring events with zero b-jets is applied in order to suppress the ttZ back-
ground contribution in the signal region. In addition to selecting events with two
central jets and zero b-jets, a cut on the EF or EI*** significance also needs to be
applied. The optimal cut on the missing transverse energy is obtained by finding a

cut value with the maximum significance as shown in table A.1.
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Figure A.2: Selection efficiency for the A — ZH signal per final state (a) and the
expected significance as a function of the EZ** cut (b).

Table A.1: The number of Signal and background MC events and the expected
significance for each value of the EZ*** cut.

Enss > | qq— ZZ 99— ZZ ttZ Z+jets Expected B A375 \/SiiB
0 57.7 7.9 1.8 1.1 68.5 7.8  6.82 1.78
10 51.4 7.1 1.7 1.1 61.3 6.9 6.77 1.83
20 38.0 5.4 1.7 0.8 45.9 52  6.38 1.87
30 24.2 3.6 1.6 0.7 30.1 3.3  6.11 1.99
40 14.4 2.1 1.5 0.6 18.6 2.1 5.50 1.99
50 7.9 1.2 1.4 0.6 11.1 1.3  4.73 1.92
60 4.2 0.6 1.2 0.5 6.5 0.8 4.02 1.83
70 2.2 0.3 1.1 0.5 4.1 04 3.36 1.73

The number of events remaining after each EX** cut from EF** > 0 GeV to
E?iss > 70 GeV is used in the definition of selection efficiencies shown in fig-
ure A.2 (a). The selection efficiency is calculated using the A(375)— ZH signal
sample in the 4¢, 4, 4e and 2u2e final states. The number of signal events and the
expected background events is shown in table A.1. The main background consists of
the non-resonant quark initiated ZZ (=~ 86%), the gluon initiated ZZ (~ 10%) and
the electroweak ZZ production which contributes approximately 1% to the total
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background in this channel and becomes more significant in the VBF category. The
cut value that represents the maximum significance is taken to be the most optimal

cut for the A - ZH — 40vv signal events. The significance is estimated using:
Z =S/VS+ B, (A.1)

where S is the number of signal events and B is taken to represent the expected
number of background events in the signal region (chosen to be within +30 away
from the mean of the my, distribution). The estimated significance corresponds to
each EZ$* cut value as indicated in table A.1. The graph of the significance as a

function of missing transverse energy has a maximum where the EJ'**® cut is greater

than 30 GeV as shown in figure A.2 (b).
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Appendix B

Event Categorization

As it was discussed in chapter 5, the signal event categorization for high mass
analysis in the H — ZZ — 4/{ channel is performed in this dissertation using a
cut-based method. This was done to check if the currently optimized selection is
still good enough to use during Run 2 analysis. This chapter shows the rest of the

optimization figures that are not shown in chapter 5.

B.1 Cut-based Classifier

Selection efficiency for the signal events is shown in figure B.1 and figure B.2
for the 600 GeV, 700 GeV, 800 GeV and 900 GeV mass points. The signal selection
efficiency shows the ratio of the number of events that pass each set of selection cuts

to the total number of events before the VBF selection.

ATLAS: Simulation Work in Progress, {s = 13 TeV ATLAS: Simulation Work in Progress, ys = 13 TeV
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Figure B.1: Selection efficiency maps for (a) my = 600 GeV and (b) my = 700 GeV
mass points.
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Figure B.2: Selection efficiency maps for (a) my = 800 GeV and (b) my = 900 GeV
mass points.
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Figure B.3: background rejection maps for the (a) my = 600 GeV and (b) my =
700 GeV mass points.

%100 200"

In order to select clean signal events, the ability of the applied selection method
to reject unwanted events is important. Background rejection shows the fraction
of events that are removed after each set of selection requirements is applied. The
background rejection is shown in figure B.3 for the 600 GeV and 700 GeV mass
points and figure B.4 for the 800 GeV and 900 GeV mass points.
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Figure B.4: background rejection maps for the (a) my = 800 GeV and (b) my =
900 GeV mass points.
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Figure B.5: €(S) x [1- €(B)] maps for the (a) my = 600 GeV and (b) my = 700
GeV mass points.

To optimize the signal selection for each sample mass point, a product of signal
selection efficiency and background rejection is calculated after each set of cuts is
applied. This is shown in figure B.5 for the my = 600 GeV and my = 700 GeV mass
points and figure B.6 for the my = 800 GeV and my = 900 GeV mass points. Each
of these figures provides the optimal signal selection cuts for the respective mass

point which are obtained by getting the largest value of €(S) x [1- ¢(B)]. The overall
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Figure B.6: €(S) x [1- ¢(B)] maps for the (a) my = 800 GeV and (b) mpy = 900
GeV mass points.

cut value that can be applied on all samples was obtained by summing all e(S) x [1-
¢(B)] and finding the maximum or by taking the average of the obtained cut values

over all sample mass points in the range considered as explained in chapter 5.

B.2 DNN-based Classifier

To improve the separation of the VBF category from the non-VBF category and
the search sensitivity of the VBF signal, a Machine Learning technique to use for
event categorization has been developed. This is a multivariate classifier called the
deep neural network (DNN). Before the DNN classifier is trained, the standard event
selection as introduced in section 4.4 has to be applied to all events. The DNN is
constructed with three parts: one multi-layer perceptron (MLP) [63, 64] and two
recurrent neural networks (RNN) [65, 66]. The classifier is trained on VBF signal
samples and ZZ background using the input features summarized in table B.1 and
table B.2. A total of 1.1 million background events and 0.3 million signal events
were used to train the DNN classifier. During training, the VBF signal is used and
signal events are re-weighted to match the background my, spectrum. The kinematic
variables of leptons and jets are used as input features for the network. There are
nine input features used for the VBF-DNN classifier and twelve features for the ggF-
DNN classifier. The input features to the VBF-DNN are summarized in table B.1
and the input variables for the ggF-DNN are shown in table B.2.
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Table B.1: Input variables in the VBF-DNN classifier

feature

description

May

Jj
b7

AUjH

minARz;

four lepton invariant mass
dijet invariant mass
dijet transverse momentum
pseudo-rapidities of two leading jets
pseudo-rapidity difference between a lading jet
and the four lepton system
minimum angular separation between a
lepton pair and a jet
transverse momenta of two leading jets
transverse momenta of the four leptons
pseudo-rapidities of the four leptons

Table B.2: Input variables in the ggF-DNN classifier

feature description

My four lepton invariant mass

cos 0 decay angle of a leading Z boson

cos 6 decay angle of a sub-leading Z boson

cos 0* production angle of the ZZ system
pat transverse momentum of the 4¢ system
ntt pseudo-rapidity of the four-lepton system
10) azimuthal angle of the ZZ system

ARy | angular separation between a leading jet and the 4¢ system
pjf transverse momentum of up to one jet
P transverse momenta of the four leptons
0’ pseudo-rapidity of up to one jet
n' pseudo-rapidities of the four leptons

As shown in table B.2, no dijet information was used in the training of a ggF-

DNN classifier. A cut with good overall performance across all mass points and

with high background rejection and high signal selection efficiency is chosen as the

optimal cut for the classifier. Two sets of cuts were obtained: one for the VBF-DNN

and one for the ggF-DNN. In the VBF category, events with two or more jets and

VBF-DNN output score > 0.8 are selected. The ggF' selection requires events with

less than two jets and ggF-DNN output score > 0.5 or events with two or more jets
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and VBF-DNN output score < 0.8. Details on this categorization method can be

found in reference [2].
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