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Abstract

The thesis presents a search for a heavy resonance decaying into a Z boson and a
Standard-Model-like Higgs boson (h), with the Z boson decaying into two leptons and
the Higgs boson decaying into two b-quarks using data collected from 2015 to 2018 by
the ATLAS detector corresponding to an integrated luminosity of 139 fb~!. The search
probes the reconstructed invariant or transverse mass distributions of the Zh candidates
in a mass range from 220 GeV to 5 TeV. The result of the search is compatible with the
Standard-Model prediction, and upper limits at the 95% CL are set on the gluon-gluon
fusion and the b-associated production cross sections of a pseudoscalar Higgs boson in the
Two-Higgs-Doublet Models and the Drell-Yan production cross sections of a heavy vector
boson in the Heavy-Vector-Triplet models. The limits on cross sections are interpreted
as constraints on the parameters of various Two-Higgs-Doublet Models. Furthermore,
this thesis presents a study of a new analysis approach which uses neural networks to
improve the sensitivity of the search. In addition to the resonance search, the thesis also

discusses the offline simulation of the ATLAS Level-1 calorimeter trigger.
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Chapter 1

Introduction

A Higgs boson with a mass of about 125 GeV was discovered by the ATLAS [3] and
CMS [4] experiments at the Large Hadron Collider (LHC), and its observed properties
are compatible with the Standard-Model predictions. However, the Standard Model
does not explain all experimental observations. For example, it does not explain gravity,

dark matter or the matter-antimatter asymmetry in the Universe.

One possible extension of the Standard Model are the Two-Higgs-Doublet Models
(2HDM) [5], where an additional Higgs doublet exists and the observed Higgs boson is
part of an extended Higgs sector. The model predicts the existence of five Higgs-like
bosons: two charged (H), two CP-even (h, H) and one CP-odd (A), where h is the
Standard-Model-like Higgs boson which has been discovered. Many theories beyond
the Standard Model, such as supersymmetry, require the existence of a second Higgs
doublet. In this thesis, we discuss a search for the pseudoscalar Higgs A decaying into
an h boson and a Z boson, with the h boson decaying into a bottom quark-antiquark
pair and the Z boson decaying into electrons, muons or neutrinos. The result will be
interpreted in four CP-conserving models with no tree-level flavour changing neutral
currents. In the type-I model, all fermions couple to one Higgs doublet. In the type-II
model, all up-type quarks couple to one Higgs doublet while all down-type quarks and
leptons couple to the other one. In the flipped 2HDM, all down-type quarks couple to
one Higgs doublet while all up-type quarks and leptons couple to the other one. In the

lepton-specific 2HDM, all leptons couple to one Higgs doublet while all quarks couple to
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the other one.

A heavy resonance decaying into the same final state is also expected in the
Heavy-Vector-Triplet (HVT) [6] model which predicts the existence of a beyond-the-
Standard-Model (BSM) heavy neutral vector boson Z’. Many BSM models predict the
existence of heavy vector bosons decaying into Standard-Model Higgs bosons. However,
the search is difficult because there are many models and free parameters. Since the
search is not sensitive to all details of the models, a phenomenological Lagrangian which
retains relevant couplings and the Z’ mass is proposed. The free parameters of the HVT
model can be computed by the specific models analytically. As a result, the results of

HVT searches can be translated into different specific models.

Previous searches for the A/Z" — Zh have been made by the ATLAS [7] experiment
using the data collected during 2015-2016 corresponding to an integrated luminosity of
36 fb~!, and a mild excess of about three standard deviations has been observed for
the b-associated production of the A boson at 440 GeV. The CMS experiment [8| has
also searched for Z/ — Zh using the full Run 2 data corresponding to an integrated
luminosity of 137 fb~!, and an excess of about three standard deviations has been

observed at 1 TeV.

The thesis describes a search using the Run 2 data collected by the ATLAS detector
corresponding to an integrated luminosity of 139 fb~! at a centre-of-mass energy of
Vs =13 TeV. The HVT signal considered in the search is the Z’ boson produced in the
Drell-Yan process. The 2HDM signal is produced by two modes: the gluon-gluon fusion
which produces an A boson and the b-associated production which produces an A boson

and two associated b quarks.

The thesis will first discuss a cut-based analysis which uses a similar analysis strategy
as the previous ATLAS search |7]. The analysis sets upper limits on the production
cross section of the A boson and the Z’ boson. The analysis also calculates exclusion
limits on the parameters of the type-I, type-II, flipped and lepton-specific 2HDMs. The
thesis will then introduce a new analysis approach which uses deep neural networks, for
which the expected upper limits on the production cross section of the A boson were

calculated.
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In addition to the search for the A boson and the Z’ boson, the thesis will also
discuss the development of the offline simulation for the ATLAS Level-1 calorimeter
triggers. The simulation is part of the ATLAS offline software, and it will be used for
the production of the Monte-Carlo samples for Run 3.

The author was the main analyzer of the 2-lepton channel where the Z boson
decays into electrons or muons, and he was responsible for studies related to the
event selection optimization, data/MC comparison, theory uncertainty calculation,
background modelling and statistical interpretation in the 2-lepton channel. The author
then collaborated with other members of the analysis team and combined the 2-lepton
results with the analysis where the Z boson decays into two neutrinos. The author
was also responsible for the signal smearing studies, the 2HDM interpretation and the
calculation of pseudo-experiment limits. In addition to the physics analysis, the author
also created the HEPData page and the analysis Recast [9].

After that, the author was involved in the second round of the Vh analysis where
the same search was performed with new object-reconstruction methods and machine
learning. The author was responsible for the production of signal samples and the
neural-network studies. He has also contributed to the development of the analysis
framework.

The author has contributed to the development and the operation of the ATLAS
experiment. He was involved in the development of the Level-1 calorimeter trigger
simulation and contributed to the validation of the simulation. The author worked in
the ATLAS control room as a shifter at the trigger and run control desks.

The thesis is structured as follows. The theoretical motivation of the analysis is
described in Chapter 2. Chapter 3 describes the ATLAS experiment. The development
of the ATLAS level-1 calorimeter trigger simulation is described in Chapter 4. Chapter 5
describes how the physical objects such as electrons and jets are reconstructed from
detector signals. Chapter 6 describes the 2-lepton channel analysis. Chapter 7 discusses
the combined results and the 2HDM interpretation. The analysis with neural networks

is described in Chapter 8. Chapter 9 concludes the thesis.






Chapter 2

Theory

This chapter discusses the theoretical motivation of the analysis. It starts with the
Standard Model, the theory which describes all known elementary particles and their
dynamics and interactions. Despite the fact that the Standard Model agrees with almost
all experimental measurement, it is not a complete theory. Section 2.3 discusses the
limitations of the Standard Model and some of the BSM theories which address them. It
later describes two simple extensions to the Standard Model, the 2HDMs and the HV'T
Models. The two models are the main focus of this thesis. This chapter also briefly

discusses the simulation of proton-proton collision events.

2.1 The Standard Model

The Standard Model describes elementary particles and the interactions between them
via the strong force, weak force and electromagnetic force. In the Standard Model, all
particles can be categorized into fermions with half-integer spin following the Fermi-Dirac
statistics and bosons with integer spin following the Bose-Einstein statistics.

Fermions can be further categorized into leptons and quarks. There are two types
of leptons according to the electric charge they carry: charged leptons with Q@ = 1 and
neutrinos with @ = 0. Leptons fall into three generations: the electron (e™) and the
electron neutrino (ve); the muon (x~) and the muon neutrino (v,); the tau (77) and the

tau neutrino (v,). Each lepton has its corresponding antilepton (e, v, pt, v, 77 and
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vr) with the sign of the electric charge reversed. Quarks can be classified into up-type
quarks (up u, charm ¢ and top t) carrying electric charge Q = % and down-type quarks
(down d, strange s and bottom b) carrying electric charge @ = —%. Each quark also
has its corresponding antiquark (i, ¢, Z, d, 5 and b) with the sign of the electric charge
reversed.

In the Standard Model, the three fundamental interactions are mediated by spin-1
vector bosons. The electromagnetic interaction and the weak interaction are unified as
the electroweak interaction which is mediated by the exchange of photons (), Z and
W+ bosons. The strong interaction is mediated by the exchange of gluons (g). The
Standard Model also contains a spin-0 scalar boson known as the Higgs boson (h), which
will be discussed in Section 2.1.3.

The discussion in this section is mainly based on Refs. [10] and [11].

2.1.1 Particles and Fields

The Standard Model describes particles and their interactions based on quantum field
theory. In quantum mechanics, the state of a single particle can be described by wave
functions of discrete modes. In quantum field theory, each mode is the excitation of a
quantum field, and the nth excitation can be interpreted as having n particles. The
kinematics of a field (¢) is described by the Lagrangian density £, and its equation of

motion can be determined using the Euler-Lagrange equation

oL oL
— -0, —— =0. 2.1
96~ 2450,9) 1)

The Lagrangian needs to be invariant under the Lorentz transformation. The

Lagrangian of a spin-0 scalar field can be written as
1 " 1 5 5
L= 3(0,0)(0"9) — ym*e*. (22)
Its equation of motion is the Klein-Gordon equation

(O4m?)¢ = 0. (2.3)
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A spin-1 vector field satisfies the Proca Lagrangian
L= -tewp, 4 tnara 2.4
= _Z w + §m s ( . )

where the field strength tensor F),, = 9,A" — 0, A*. When describing electromagnetic
fields with zero photon mass, the equation of motion of the Proca Lagrangian is Maxwell’s

equations in the absence of sources.

A spin—% field ¢ with four complex components satisfies the Dirac Lagrangian
£ = iy 0 — i, (2.5)

where v are the gamma matrices. The equation of motion of the field is the Dirac
equation

i7" (D,46) — b = 0. (2.6)

2.1.2 Gauge Invariance

The symmetry of the Standard Model is described by group theory. A group is a set of

objects {g;} that satisfies the following rules:

The product of two elements g; X gj = gi is also an element of the group.

There is an identity element for which 1 x g; = g;.

Each element in the group also has its inverse for which g;- bxgi=1.

The associative law (g; X g;) X gr = gi X (g; % gx) holds for all elements in the

group.

The symmetry of the Standard Model is described by Lie groups which have a finite
number of generators and an infinite number of elements. An element of a Lie group

can be written as

U =e%T" .1, (2.7)
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where 0, are parameters and T% are the generators of the group. The commutation

relations of Lie group generators are
(7%, T = ifobere, (2.8)

where f%¢ are the structure constants of the group. A group is Abelian if f%¢ = 0,
otherwise it is non-Abelian. A group is unitary if UTU = 1, and it is a special group if
|U| = 1. A special unitary group acting on an N-dimensional vector space (SU(N)) has

N? — 1 generators.

Quantum Electrodynamics

The Standard Model is a quantum field theory where the Lagrangian is invariant under
the local gauge transformation of the SU(3)xSU(2)xU(1) group. In the Standard Model,
quantum electrodynamics (QED) is introduced by the U(1) symmetry. Transforming

under the U(1) local gauge transformations of angle 6(z), the spin-3 field becomes
Y(x) = ¢/ (a) = 9, (2.9)
where @ is a constant. The Dirac Lagrangian in Equation (2.5) becomes

L— L — Q"0 0(z)p. (2.10)

To make the Lagrangian invariant under the local gauge transformation, we can replace
Oy with the covariant derivative D,, = 0, +iQA,. By adding a new term (—%FWFW)

which describes the free propagation of the new A, field, we have the QED Lagrangian

. . 1
£QED = 'lp(l’}/'uau — me)¢ + elb’y“l/JAu — EFH FM”’ (211)

where m. is the electron mass and e is the electric charge. In QED, the electromagnetic
force is carried by massless photons, and they interact with particles carrying electric

charge. The photon itself does not carry electric charge.
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Weak Interaction

The SU(2) group describes the symmetry of the weak interaction. The weak interaction

1.2,3

involves the chirality of fermions. The chiral operator is defined as v° = iy%y'y2+3, and

a fermion field can be written as the sum of a left-handed field and a right-handed field,

where
5 )
Pl = Hva,wL = 1771#- (2.13)

The left-handed leptons (er,, pr, T, Ver, Yur, ¥7) and the left-handed quarks (ur, dp,

SL, cr, tr, br) can be represented by isospin doublets with weak isospin I = %:

ob = er KL TL ob = ur 5L i
lepton — ) ) ) quark — ) ’
Vel VuL VrL dr, crL br

The right-handed leptons and the right-handed quarks can be represented by isospin
singlets with I = O:

€R, Ry TRy UR, SR> tR, AR, CR, bR. (2.15)

The isospin doublets transform under the SU(2) local gauge transformation while the
singlets are unaffected. We define the third component of the weak isospin I to be
%, —%, %, —%, 0 for left-handed up-type quarks, left-handed down-type quarks, left-handed

neutrinos, left-handed charged leptons and right-handed fermions respectively.

Like the treatment for QED, to make the Lagrangian invariant under the SU(2)

local gauge transformation, we can replace d,, with the covariant derivative
D, =0, +igwT" - W ,(z), (2.16)

where gy is a constant, T# are the generators of the SU(2) group and W ,(x) are three
new gauge fields. Due to the non-Abelian nature of the SU(2) group, the field strength

tensor has to include a gauge boson self-interaction term to make the Lagrangian gauge
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invariant

W = MW — "W — gw i W x WY (2.17)

The weak gauge fields only couple to fields carrying weak isospin.

Quantum Chromodynamics

Like the weak interaction, quantum chromodynamics (QCD) is also a non-Abelian gauge
theory. The SU(3) symmetry group has eight generators, which requires eight gauge
fields to make the Lagrangian gauge invariant. The covariant derivative can be written
as

D, =0, +igsT" - G (x), (2.18)

where g is a constant, T# are the generators of SU(3) group and G, (x) are the new

gauge fields. The field strength tensor is
G =o'GY — 9"GY — gsfijkGé-‘ x G. (2.19)

The gauge bosons of the strong interaction are massless gluons, which interact with
particles carrying colour charges. A quark carries one of the three colour charges (r, g,b),
while an antiquark carries one of the three anti-colour charges (7, g,b). The non-Abelian

nature of the SU(3) group means that gluons also carry colour charges, and they can

interact among themselves. The QCD Lagrangian can be written as

-7 1 v
EQCD = ch’YM(Du - m)¢c - ZGM G;wa (2'20)
where
Uy
e = s . (2.21)
Vg

Because of the non-Abelian nature of QCD and the massless gluons, particles carrying
colour charges cannot be isolated. This phenomenon is called colour confinement. Quarks

exist in the form of hadrons. The colour singlet states r7, gg, and bb are called meson
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while rbg and 7gb statues are called baryons. If two high-momentum quarks travel
back to back, quarks and antiquarks will be produced because of colour confinement.
This phenomenon is called hadronisation. Quarks and gluons produced at the LHC are

observed as collimated streams of particles called hadronic jets.

2.1.3 The Higgs Mechanism and The Electroweak Unification

The kinematics of the gauge bosons are described by the Proca Lagrangian in Equa-
tion (2.4), but the mass term %m2A“AM is not invariant under the local gauge transfor-
mation. The mass term is not needed for QED and QCD because photons and gluons
are massless. However, a mass term is required to describe the weak interaction since its
gauge bosons are massive. This is also a problem for the fermion mass since the mass
term in Equation (2.5) is also not invariant under the local gauge transformation. In the
Standard Model, a Higgs field is introduced to break the U(1) x U(2) symmetry and

give masses to fermions and W+, Z bosons.

Spontaneous Symmetry Breaking

In the Standard Model, the Higgs field is a SU(2) doublet

1 [ ¢1+id2
V2 $3 + i
and its Lagrangian is
L= 50,0) (0"6) 12610 + N&10)* (223)

When z? < 0, the potential term —p2¢f¢o + A(pfp)? = % is minimum at ¢f¢ = —%.

One possible solution for the vacuum is

0

1
vac — T = 5 2.24
ou= 5| (2:2)
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If one expands the Higgs field around the minimum potential, there will be one massive
scalar boson and three massless scalar bosons known as Goldstone bosons. The three

massless bosons can be removed by applying the unitary gauge, and we have

1 0
¢vac = =

, 9.25
V2 |, + h(x) 229

where h(z) is the massive scalar field of the Higgs boson.

Gauge Boson Mass

To make Equation (2.23) invariant under the local gauge transformation of U(1) x U(2)
group, one can replace the partial derivative with the covariant derivative

i i
D, =08,+ PTAC W, + §g’BH, (2.26)

where o are the Pauli matrices, ¢’ is a constant and B,, is the gauge field associated

with the U(1) symmetry. The mass term for the W12 fields is %g%VvQW(LQ)“WA(LLZ),
and the one for the B field and the W®) fields is
3)

v? 93y —gwg' | (W}
e (Wf’) Bﬂ) o | (2.27)
— w9 g B,

After diagonalizing the mass matrix, the physical Z boson field and physical photon
field (A) can be written as a combination of the B field and the W) field:

A, = cosbw B, + sinGWWl(;’), (2.28)

Z, = —sinbw B, + cosOWW,S‘g),

IW__ . The physical W= fields are a combination of the W) field

where cosby = T io?
and the W® field:

1 .
Wi = §(gW,51> FiWw ). (2.29)
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The mass term coefficients for photons, Z bosons and W bosons are 0, giyv/2 and

v\/ g% + g'2/2 respectively.

Fermion Mass

The Higgs field also generates masses for fermions via the Yukawa Coupling. The
following Lagrangian can be constructed which is invariant under the U(1) x SU(2) local

gauge transformation

L= —g; [0kl + Wkow) ] + grlkoctf + (ko (2.30)

where ¢. is the conjugate doublet of ¢ and gy is a constant. The first term in the
Lagrangian gives mass to charged leptons and down-type quarks, while the second term

gives mass to up-type quarks.

We can write the Yukawa coupling Lagrangian in the mass basis of quarks by
diagonalizing the mass matrix for quarks, but this rotation also affects the electroweak
terms. The relationship between the mass eigenstates of down-type quarks (d, s, ¢) and

their flavour eigenstates (d', s, ¢) is

d’ d
s =Vexkm-|s]|, (2.31)
v b

where Vg is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The matrix contains
a complex phase which is a source of CP violation. The coupling of the B, and WL(L3) is
unaffected by this rotation, so flavour changing neutral current (FCNC) is suppressed in

the Standard Model.

The same can also be done for neutrinos where the flavour eigenstates (ve, v, v,)
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can be written as a combination of the mass eigenstates (v, va, v3)

Ve 141
vu | =VPuns - || (2.32)
Vr 1 %:

where Vpyrns is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, which allows

neutrinos to change flavours as it propagates through space.

2.2 Modelling of Proton-Proton Collision Events

Quantum field theory can describe proton-proton collision events, which is crucial for
understanding the signal and background processes in the LHC experiment. This section
will discuss the calculation of cross sections and the Monte Carlo (MC) simulation of
proton-proton collision events. The discussion in this section is mainly based on [12]

and [13].

2.2.1 Cross Sections and Decay Rates

The cross section of a scattering process is defined as

o=, (2.33)

where N is the number of particles scattered in a period of time 7" and ® is the incoming

flux. The decay rate I' is the probability of a particle decaying in a unit time. The

branching ratio is defined as FtFi l where I'yy1q; is the overall decay rate and I'; is the

decay rate of a particular process.

To calculate cross sections and decay rates, we define the S-matrix as

<f| 5 |i>Heisenberg = <f7 OO’Z" 700>Schrodinger ’ (2'34)

which contains information about the time evolution between the initial states and the

finals states [12]. The S-matrix is an identity matrix if no interaction happens. We can
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use matrix elements M to describe the amplitude of interaction:

(f1S —11]i)y =i(2m)*6*(Zp; — Spp)M, (2.35)

where p; are the initial-state momenta and py are the final-state momenta. The matrix
element M can be calculated perturbatively using Feynman rules. Fermi’s Gold Rule
states the transition rate is the product of |[M|? and the density of states. The cross

section and decay rate are the integral over all possible phase space.

2.2.2 Renormalization

Figure 2.1: The leading order diagram (left) and a diagram with a loop correction (right)
for a scattering process. The diagrams are created using the TikZ-Feynman package
[14].

Figure 2.1 shows a leading order diagram and a next-to-leading order diagram with
a virtual loop correction for a scattering process. To calculate the physical cross section,
we need to calculate the sum of matrix elements of all possible diagrams. The calculation
of the leading order diagram yields a finite amplitude, but the amplitude of the diagram
with the loop correction is infinite. The scattering amplitudes represent the probability
of transition, so the infinite amplitude is not physical.

The cause of the problem is that the integral is up to an arbitrarily high energy
scale where the Standard Model and the quantum field theory are no longer valid. The
infinity can be removed by regularizations, such as applying a cutoff for the integral at
a certain momentum A, or doing the calculation in (4 — ¢) dimensions. By using the
cutoff regulator, the amplitude is a function of A, but the differences in amplitudes at
different energy scales are independent of A. As a result, physical observables have to
be measured at certain energy scales in order to make predictions using the theory.

In tree-level theory, the masses, fields and coupling constants in the Lagrangian are
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finite. However, they are redefined as infinite bare parameters which absorb the infinity

when considering higher-order diagrams. A bare electric charge eg can be written as
€y = (1 + (5)61{, (2.36)

where ¢ is an infinite counterterm and eg is the renormalized charge observed at a
certain energy scale. Counterterms can be chosen in a form that removes the divergence

in the amplitude.

When defining the counterterms, a constant (renormalization scale) pr needs to be
introduced to ensure that the counterterm has a meaningful unit. Physical observables
are independent of ug if they are calculated to all orders. Since one can only calculate
observables to a finite order, the value of upg is chosen to minimize the contributions
from higher-order diagrams. The effect of the contributions from higher orders can
be estimated by varying pgr, and the estimation can be considered as a systematic

uncertainty.

Running Coupling Constants

Since the bare parameters in the Lagrangian are independent of the scale ppr, we have

deo
— =0, 2.37
R (2.37)

which gives the renormalization group equation:

derlpr) _ dun (2.38)

Bler(ur))  pr

where is B(er) is the QED beta function [15] which depends on er. Integrating both

sides from the energy scale )y to the energy scale ()1 gives

2
Q) = — )
RIS CORST

(2.39)
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The result shows that the observed effective charge increases with the energy scale. This
effect is called the running coupling constant.

Like the QED, the coupling constant of the QCD also changes with the energy scale.
Due to the non-Abelian nature of the QCD, its coupling constant decreases as the energy
scale increases. The perturbation theory is valid only when the coupling constant < 1.
Hence, the perturbation theory for the QCD breaks down at low energy scales where

the coupling constant is large.

Infrared Divergence and Collinear Divergence

Figure 2.2: Final-state radiation diagrams for ee — pu. The diagrams are created using
the TikZ-Feynman package [14].

Figure 2.3: The vertex correction diagram for ee — ppu. The diagram is created using
the TikZ-Feynman package [14].

Figure 2.2 shows the final-state radiation diagram for the ee — pu process where
an additional photon is emitted from the final-state muons. The amplitude of the
two diagrams diverges if the photon energy approaches zero or the angle between the
photon and the muon approaches zero. The two types of divergence are called infrared
divergence and collinear divergence. Unlike the ultraviolet divergence discussed in the
previous sections, the infrared and collinear divergence cannot be cancelled by calculating
the difference in amplitude at different energy scales. The infrared divergence and the
collinear divergence also occur when calculating the initial-state radiation where a photon
is emitted from the initial-state electrons. The finite physical result can be restored
by calculating the total cross section of both diagrams in Figure 2.2 and the vertex

correction diagram in Figure 2.3.
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The infinite cross section of photon emission is not a problem in practice because
particle detectors only have a finite resolution, so the emitted photon cannot be resolved
if its energy is too low or the angle between the muon and photon is too small. The final-
state muon and its emitted photons with energy and angles below a certain threshold

can be defined as a jet.

2.2.3 Parton Distribution Functions

Protons are composite particles where quarks inside interact with each other via gluons,
and the gluons also create quark-antiquark pairs. The point-like constituents of protons
are called partons. At high energy, proton collisions need to be considered as interactions
between partons. Parton distribution functions (PDFs) are the probability of finding a
parton carrying a fraction x of the proton’s total energy. The cross section of a proton

collision process can be written in terms of PDFs (f(x)):

1 1
UZ/ dir1/ dzaf(z1)f(x2)o(x1p1, z2p2), (2.40)
0 0

where o(z1p1, x2p2) is the interaction cross section, p; and py are the momenta of the

two protons and z; and x are the fractions of momenta the partons carry [13].

During the cross section calculation, infrared divergence and collinear divergence
occur because of initial-state radiation. To avoid the infinity, a factorization scale (ur)
is defined as a cutoff where the cross section is calculated perturbatively if the momenta
of emitted particles |k| > pup. The emitted particle is considered as part of a redefined
PDF f(x,ur) at the energy scale up if |k| < pp [13]. Physics is independent of the
arbitrary choice of pur, but pur does have an effect in practice due to limited orders of
the calculation. Like the renormalization scale pup, the theory uncertainty related to the
choices of pur can be estimated by varying pur. The PDF can only be determined by

measurement, because the perturbative QCD calculation fails at low energy scales.
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2.2.4 Monte Carlo Simulation

Due to the complexity of cross section calculations, it is difficult to model the proton-
proton collision analytically. Instead, the distributions of the signals and backgrounds
are estimated by Monte Carlo methods where software tools generate a large number of
possible outcomes of proton-proton collisions [13]. The software tools also simulate how
the detector responds to the simulated events.

The simulation starts from the calculation of matrix elements of parton interaction
processes up to a fixed order. The higher-order effects on the normalization of the
distribution can be taken into account by applying a k-factor to the weights of the
simulated events.

Parton-shower algorithms approximate the emission of partons from the initial and
final states. When the emitted gluon is almost collinear to the mother parton, the process
that a parton splits into a parton and a gluon is independent of the rest of the scattering
process, so the cross section of a diagram with a parton emission can be factorized as a
product of the leading-order diagram’s cross section and the probability of the splitting
estimated by the DGLAP splitting functions [16]. The successive splittings are simulated
by Markov-chain algorithms until a cutoff on the momentum is reached. Splittings are
not allowed below the cutoff because the detector can no longer resolve the emitted
particles, and the result diverges. After the parton-shower simulation, the partons and
gluons form colourless hadrons which eventually enter the detector simulation.

The matrix-element calculation makes a good prediction when the mother parton
and the emitted gluon are well separated, while the parton shower describes the splitting
better in the collinear limit. When combining the result of matrix-element calculation
and parton-shower simulation, the overlapping real emission and virtual correction need
to be removed to avoid double counting.

After a hard parton scattering, the remaining protons become unstable and break
apart. Multiple-parton interactions happen in a single collision between two protons.
Those two processes produce underlying events. In the real LHC environment, pileup
happens when multiple proton collisions happen in the same bunch crossing. The

underlying event and pileup are also simulated by the Monte Carlo event generators
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because they affect the event reconstruction. The Monte Carlo events are reweighted to
match the pileup level in data.

The last step of the Monte Carlo simulation is the detector simulation where interac-
tion between the particles and the detector is simulated by GEANT4-based detector
simulation [17] [18]. The physical objects are eventually reconstructed from the detector

responses using the same software packages for the data reconstruction.

2.3 Beyond The Standard Model

The Standard Model explains all known particles and agrees well with the current
experimental results. However, the Standard Model is not the ultimate theory because it
does not answer all crucial questions about the universe. It is believed that new physics

exists at high energy scales.

2.3.1 Limitations of the Standard Model
Gravity

One of the four fundamental forces in the universe, gravity, is not described by the
Standard Model. It is instead described by the theory of general relativity. The effect
of gravity is weak, and it can be ignored in current particle physics experiment, but a

quantum-gravity theory is needed to explain physics beyond the Planck scale [11].

Matter-Antimatter Asymmetry

The big bang created an equal amount of matter and antimatter, but our current universe
is dominated by matter [11]. To create the matter-antimatter asymmetry, baryon-number
violation and CP violation are needed. CP violation has been observed in the quark
sector, and it is explained by the phase in the CKM matrix. Although never observed,
the baryon number can also be violated in the Standard Model by the anomaly where
symmetries in the classical Lagrangian are broken when quantum effects are added
[12]. More baryon-number violation and CP violation sources are needed to explain the

observed matter-antimatter asymmetry in the universe.
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The Strong CP Problem

In the Standard Model, a CP violating term in the strong interaction is also allowed.
However, experiments show the term is extremely small, and the Standard Model cannot

explain why [12].

Dark Matter

Astrophysical measurements suggest that most matter density in the universe exists in
the form of dark matter. None of the particles in the Standard Model are a candidate
for dark matter due to cosmological theory constraints. New weakly interacting massive

particles are one explanation for dark matter [11].

The Hierarchy Problem

As described in Section 2.2.2, particle masses receive loop corrections. The corrections
for fermion masses and gauge boson masses are only proportional to the particle mass
itself because their masses are protected by custodial symmetries. However, the Higgs
mass is not protected in the Standard Model, and it is quadratically sensitive to the
cutoff energy scale A. To avoid fine-tuning the Higgs mass, the energy scale where new
physics occurs must be below 1-2 TeV to ensure that the correction is comparable to the

measured Higgs mass of 125 GeV [19].

2.3.2 Two-Higgs-Doublet Models

The 125 GeV Higgs boson discovered at the LHC is compatible with the Standard-Model
prediction. However, it could also be part of an extended Higgs sector. In 2HDMs,
the Higgs sector consists of two SU(2) doublets, and it predicts the existence of five
Higgs-like particles. In this section, the discussion of the 2HDM theory is mainly based
on Ref. [5].

Motivation

The 2HDM [5] is motivated by many beyond-the-Standard-model theories. In super-

symmetry (SUSY) theories [20], each Standard-Model fermion has its bosonic SUSY
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Figure 2.4: The Feynman diagram of a triangular fermion loop which causes anomalies.
The diagram is created using the TikZ-Feynman package [14].

partner, and each Standard-Model boson has its fermionic SUSY partner. The SUSY
theories avoid the hierarchy problem because SUSY particles’ contribution to the mass
correction cancels the contribution from their Standard-Model partners. In SUSY, a
second Higgs doublet is needed to cancel the triangle anomalies where the axial current
of gauge groups is conserved at the tree level, but it is not conserved when considering
contributions from the triangular fermion loop shown in Figure 2.4. The violation of
gauge symmetries is not allowed because it breaks the Ward identity [21] which cancels
an unphysical degree of freedom of photons. In the Standard Model, the gauge anomalies
are cancelled by contributions from the three generations of leptons and quarks. In
SUSY theories, the Higgs boson’s fermionic partner also contributes to the triangular
anomalies; thus, a second Higgs doublet is required to provide more Higgs-like particles
to cancel its contribution.

The 2HDM is also motivated by the axion theories [22]. The theory provides a
solution to the strong CP problem by introducing a new U(1) symmetry which is
spontaneously broken. The new Goldstone boson can be rotated into the strong CP
phase, creating an axion potential term. The mechanism moves the potential to zero
even if the strong CP phase is not initially zero. The excitations of the vacuum potential
are axions, and it is a candidate for dark matter. In axion theories, a second Higgs
doublet is needed to make the Yukawa coupling invariant under the new symmetry.

The 2HDM can also provide additional sources of CP violation, which helps to

explain the matter-antimatter asymmetry observed in the current universe [5].

The 2HDM Lagrangian

The vacuum structure of 2HDMs is complex, and the minimum potentials can be

CP-conserving, CP-violating and charge-violating. In order to simplify the study, this
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thesis only considers the CP-conserving 2HDMs whose scalar potential is

A A
V = mi @{®) + m3, 00y — miy(@] Py + @1d1) + T (2[81)7 + T (@1Do)° (2.41)
)\ .
+ A3BI D1 DI Dy + N DT DDl + ?5[@}@2)2 + (®1®)?,

where ®; and ®, are the two complex scalar Higgs doublets, and mq1, mas, A1 , A9,
A3, Ay and A5 are real parameters [5|. The ground state which minimizes the scalar

potential is

0 0
(o= | G2o=| |- (2.42)
V3 Ve

where 11 and vy are the vacuum expectation values. Expanding about the minimum
potential leads to eight free fields, where three of them give mass to the W and Z bosons,
and the remaining five are massive Higgs fields. Substituting the decomposed Higgs
doublets

b
d, = . a=1,2, (2.43)

(Va + pa + i10)/V2

into the scalar potential gives three mass terms:

o ¢7

£¢i = (¢1 a¢2 )Md) N ,
2
m

Ly = (n1,m2) My , (2.44)

2
P1

L, = (P17P2)Mp )
P2

where Mdz)'t7 M,, and M, are the mass matrices for the charged scalars, the neutral scalars
and the pseudoscalars respectively. The M, matrix is diagonalized by the rotation angle
a, resulting in two physical fields:

h = p1sina — pacosa,
(2.45)

H = —pjicosa — pasina,



36

Chapter 2. Theory

type-1 type-11 flipped lepton-specific

& | cosa/sinf | cosa/sinf | cosa/sin cosa /sinf3
&1 | cosa/sinB | —sina/cosB | —sina/cosf3 cosa/sinf3
€8 | cosa/sinf | —sina/cosB | cosa/sing —sina/cos3

¥ | sina/sing | sino/sing sina/sinf3 sina/sinf3
fj‘fl sina/sinf | cosa/cosf | cosa/cosf sina/sinf3

ZH sina/sinf | cosa/cosf3 sina/sinf3 cosa/cosf3
&4 cotf3 cotf3 cotf3 cotf
&4 —cotS tan tan —cotf
&4 —cotf tanf —cotf tang

Table 2.1: Values of Yukawa coupling constants of the natural Higgs bosons in the
2HDMs. The table is taken from [5].

where h is the light neutral scalar and H is the heavy neutral scalar. The light neutral
scalar h is considered to be the 125 GeV Higgs boson discovered at the LHC. The M;t
and M, matrices are diagonalized by the rotation angle 3, which leads to three physical

fields:

H* = gzﬁfsinﬁ — gﬁcosﬁ,
(2.46)
A = —pjcosa — pasina,

where HT are the charged scalars and A is the pseudoscalar.

One feature of the 2HDM is the existence of FCNCs mediated by the charge-natural
Higgs bosons at the tree level because the mass matrices which describe the coupling of
fermions to the two Higgs doublets cannot be diagonalized simultaneously. This can be
avoided if all fermions of the same charge only couple to one of the Higgs doublets [23]
[24]. There are four models [5] defined by the coupling between the Higgs doublets and
fermions. In the type-I model, all fermions couple to one Higgs doublet. In the type-II
model, all up-type quarks couple to one Higgs doublet while all down-type quarks and
leptons couple to the other one. In the flipped 2HDM, all down-type quarks couple to
one Higgs doublet while all up-type quarks and leptons couple to the other one. In the
lepton-specific 2HDM, all leptons couple to one Higgs doublet while all quarks couple to

the other one.

The Yukawa coupling between the fermion f and the natural Higgs bosons is described
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by the Lagrangian

£ =L ffh+ ey fFH — i€k frfA), (247)

where the values of the three coupling constants f}{ , 51]; and 51]; are given in Table 2.1 [5].

The Phenomenology

The thesis will focus on the A — Zh — 1lbb decay channel. Table 2.1 shows that the
h — bb decay is not possible at certain o values because the coupling constants of the
light natural scalar Higgs h to down-type quarks become zero. In the type-I model, this
effect is known as the fermiophobic limit because the coupling of h to all fermions is
zero at o = 5. The search has no sensitivity in the regions of phase space without the

h — bb decay.

Kominis [25] has studied the production of the pseudoscalar A at the LHC. Gluon-
gluon fusion is the dominant production mode at the LHC, but its production cross
section decreases as tanf increases. In the type-II and the lepton-specific model, the cross
section of the b-associated production increases with tang, and it becomes dominant in
the regions of phase space with high tang values. The cross section of both production
modes is not affected by cos(8 — «). In addition to the two production modes which
are considered in this thesis, it is also possible to search for the t-associated production
of the A boson at the LHC. This process has a small cross section, but it has a clear

signature due to the two leptons from the top quark decay.

Kominis [25] also studied the decay of the pseudoscalar A. The main decay modes are
A = bb, ce, tt, 777, Zh, g9, vy, Z~y. The A — Zh is particularly important when the
A boson mass (m4) is above the Zh production threshold. However, A — ¢t dominates
if the m 4 is above the tt production threshold. The coupling of the A boson to the
Z boson and the h boson is proportional to cos(8 — «). At the alignment limit where
cos(8 — a) =0, the A — Zh decay is not possible, so the search also has no sensitivity

in the regions of phase space near the alignment limit.
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Figure 2.5: The expected and observed upper limits for the gluon-gluon fusion
production mode (left) and the b-associated production made (right) on

olpp — A — ZH) x BR(H — bb) at the 95% confidence level calculated using the Run
2 data collected by the ATLAS detector corresponding to an integrated luminosity of
36.1 fb~1. The plots are taken from Ref. [7].

Experimental Constraints

The previous ATLAS analysis [7] has searched for the A — Zh — IIbb process using
the 13 TeV proton-proton collision data corresponding to an integrated luminosity of
36.1 fb~! in a mass range of 220 GeV to 2 TeV, shown in Figure 2.5. Upper limits
at the 95% confidence level have been placed between 2 x 1072 pb and 8 x 10! pb
for the gluon-gluon fusion production and between 3 x 1072 pb and 7 x 10~! pb for
the b-associated production. The observed limits in general agree with the expected
limits, except for an above-three-standard-deviation local excess at the 440 GeV in the

b-associated production search.

The CMS Collaboration has conducted the same search [26] using 13 TeV proton-proton
collision data corresponding to an integrated luminosity of 35.9 fb~! in a mass range of
225 GeV to 1 TeV, shown in Figure 2.6. The observed limits agree with the expected
limits. Upper limits of the two production modes at the 95% confidence level have been
placed between 1 x 1072 pb to 1 pb.

Kling, Su and Su [27] have made a comprehensive study about the exclusion of
2HDM parameters by combining the results of all direct 2HDM searches and relevant

Standard-Model measurements at the LHC. Figure 2.7 shows the regions excluded by
the A/JH — ~~v/tt/bb/T7, A - Zh, H — hh/VV 6 h — VV, h — AA and four tops
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Figure 2.7: The areas excluded by the LHC searches at the 95% confidence level in the
tanf-m 4 space for the type-I model at cos(a — 3) = 0.1 (left) and the type-II model at
cos(a — ) = 0.05 (right). The area inside the grey lines is excluded by the Standard

Model Higgs measurement. The plots are taken from Ref. [27].



40 Chapter 2. Theory

searches on the tanf-m4/mpg plane. The plots of the type-I model at cos(5 — a) = 0.1
shows that the A — Zh is one of the most important processes in the 2HDMs searches.
However, the plot of the type-II model shows that the process has poor exclusion power
at cos(8 — a) = 0.05 where the A — 77 decay becomes more important because this
process is still possible at the alignment limit. The plots also show that the A — Zh
search has strong exclusion power in the m4 range below the t¢ production threshold,
and the regions with m4 above 2m; are mainly covered by the A — ¢t searches. In
the plot of the type-I model, some regions above the tf production threshold are also
excluded by the A — Zh search. This is because the observed limit is better than the
expected limit between 600-800 GeV due to fluctuation, as shown in Figure 2.5. The
A — hh searches have excluded the mass scenario where m4 < my,/2 except for a narrow
region at tan = 10 where the decay is not possible.

The precision measurement of the Standard-Model Higgs also provides a strong
constraint on the 2HDM parameters. Figure 2.8 shows the regions on the tan3-cos(a— )
space excluded by the combined Standard-Model Higgs measurements using the ATLAS
data at the centre of mass energy of 13 TeV corresponding to an integrated luminosity up
to 79.8 fb~! [28]. The plots show that the current Standard-Model measurements favour
the parameter space near the alignment limit where the coupling of the light scalar h is
the same as that of the Higgs predicted by the Standard Model. In the type-I model, a
wide region surrounding the alignment limit is still allowed. However, this is not the case
for the type-1I, lepton-specific and flipped models where a narrow region surrounding
the alignment limit and a small isolated region at high tanf are allowed. This is because
the coupling strength to light scalar Higgs is not the same for all fermions in the type-II,
lepton-specific and flipped models. In the isolated region, the coupling to some fermions
is the same as the Standard-Model prediction while the coupling to other fermions is

not. The current measurements [28| are not precise enough to exclude those regions.

2.3.3 Heavy Vector Triplets

The experimental search for new physics is difficult because of the presence of a large

number of possible models. Moreover, each individual model typically has many free
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Figure 2.8: The 95% confidence level limits on the 2HDM parameters in the
tanf-cos(a — ) space at my = 125 GeV for the type-I (upper left), type-II (upper
right), lepton-specific (lower left) and flipped models (lower right). The limits are
calculated using measurements of the Standard-Model Higgs boson decay by the
ATLAS experiment. The plots are taken from Ref. [28].

parameters, and a scan of the full parameter space is difficult. Resonance searches are
a simple way to discover new physics because it is only sensitive to the mass and the
coupling strength of the new resonance.

The heavy vector triplets model [6] is a phenomenological Lagrangian which can be
used to interpret the results of resonance searches. It introduces new heavy vector bosons
(W' and Z’) that couple to Standard Model particles. Many beyond-the-Standard-Model
theories, such as technicolour models [29] [30] and little Higgs models [31], require a new

interaction at a high energy scale and predict the existence of the W’ bosons and the
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Z' boson [19]. The results of HVT resonance searches can be translated into specific
models because the free parameters in the HV'T Lagrangian can be computed using the

details of each model analytically.

In the HVT model, a vector field Vi (a = 1,2, 3) of the SU(2) group is introduced

and it is described by the Lagrangian [6]

L= —ED yeapluyula ﬁvavua
- 4 (1 ] 9 K
i arrt ~a(; ot ~ap DB ETT Sa 92 a j(pa) 2.48
+ogvenViHlo"(iH " D'H — iD"Ho" H)H + ~—cpV;iJy (2.48)
gv

+h.c.,

where ¢ is the Standard Model SU(2) gauge coupling constant, gy describes the magni-
tude of the interaction, cp and cjr are parts of the coupling constants of the heavy vector
bosons to the Standard-Model fermions and bosons respectively, J I(;“ ) is the left-handed

fermionic currents and
Dy Vi = DV — DV, DV = 9.Vt + g™ WV, (2.49)

The first line of the Lagrangian describes the kinetics of the vector field. The mass
my is not the physical mass of the particles because V};' is not a mass eigenstate. After
diagonalizing the mass matrix, the relationship between the masses of the Standard
Model vector bosons (myz and my) and those of the new vector boson (my and my)
is given by

miymiy, = cos’Oymimy,. (2.50)

To restore the Standard Model measurement, the Z’ boson and the W’ bosons must be
degenerate in mass. The second line describes the coupling of the Z’ boson and the W’
bosons to the Standard Model particles. The h.c. term in the last line describes the

quadratic and cubic coupling of the V" and it has very little effect on the phenomenology

at the LHC.

The most important production modes of the Z’ boson and the W’ bosons at the

LHC are the Drell-Yan process and the vector boson fusion process. In the Drell-Yan
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Figure 2.9: The branching ratios of the Z’ boson decays in Model A HVT (left) and
Model B (right) HVT. The plots are taken from Ref. [6].

process, the Z’ boson and the W’ bosons are produced via quark-antiquark annihilation.
In the vector boson fusion process, the Z’ boson and the W’ bosons are produced by
the fusion of two vector bosons radiated from quarks. The Drell-Yan process is the
dominant production mode because the vector boson fusion process is suppressed by the
electroweak coupling constant. However, vector boson fusion also becomes important
when the fermion coupling vanishes (cp — 0).

The paper which introduced the HVT model [6] has proposed two benchmark models.
In Model A, the coupling of the new vector bosons to the Standard Model fermions
and bosons is comparable (cg ~ —g?/g% and cp ~ 1). In Model B, the coupling to the
Standard Model fermions is suppressed (cg ~ ¢p ~ 1). The branching ratios of the Z’
boson decaying to Standard Model particles are shown in Figure 2.9. In Model A, all
decays are of the same magnitude. In Model B, the decays to Zh and W+W~ dominate.

The ATLAS Collaboration has searched for the Drell-Yan production of the Z’ boson
with the Z’ boson decaying into WTW ™ [32] or Zh [7]. The upper limits on the cross
section are shown in Figure 2.10. The WTW ™ search has probed a mass range of
300 GeV to 5 TeV using the 13 TeV data corresponding to an integrated luminosity of
139 fb~! while the Zh search has probed a mass range of 500 GeV to 5 TeV using the
data corresponding to an integrated luminosity of 36.1 fb~!. The observed limits agree
with the expected limits in both searches. The W+ W~ search has better sensitivity for
both models due to the higher luminosity. It has excluded Model A up to a mass of
3.5 TeV and Model B up to a mass of 3.9 TeV.

The CMS Collaboration has also searched for the two processes [8, 33| using the
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Figure 2.10: The expected and observed upper limits on o(pp — Z' — WTW ™) (left)
and o(pp — Z' — Zh) x BR(H — bb, c¢) (right) at the 95% confidence level calculated
using the Run 2 data at a centre of mass energy of 13 TeV collected by the ATLAS
detector corresponding to an integrated luminosity of 139 fb~! and 36.1 fb~*
respectively. The plots are taken from Refs. |7] and [32].
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13 TeV data corresponding to an integrated luminosity of 137 fb~!, which is shown in
Figure 2.11. The W W™ search covers a mass range of 1 TeV to 4.5 TeV and excludes
Model B up to a mass of 4 TeV. The Zh search covers a mass range of 0.8 TeV to
4.6 TeV, and it has excluded Model A up to a mass of 3.5 TeV and Model B up to a
mass of 3.7 TeV.






Chapter 3

The ATLAS Experiment

This chapter discusses the experimental setup of the analysis. It first introduces the
LHC which accelerates and collides protons. It then describes the ATLAS detector

which collects proton-proton collision data.

3.1 The Large Hadron Collider

The LHC [34] is a proton-proton collider operated by the European Organization for
Nuclear Research (CERN). Situated on the French-Swiss border near Geneva, it is
installed in a 26.7 km circular tunnel lying 45 to 170 m under the ground. It is designed
to search for physics beyond the Standard Model by accelerating protons and producing
the collision up to a centre of mass energy of 14 TeV. It also accelerates heavy ions to
study the quark-gluon plasma.

There are four major experiments at the LHC. The ATLAS [35] and the CMS [36]
experiments use general-purpose detectors located at two different collision points to
measure Standard-Model processes and search for new physics beyond the Standard
Model. The experiments share the same physics goal, but they are operated by two
different collaborations independently. The LHCb experiment [37] uses a forward detector
close to a collision point for precision measurements and new physics searches in the
heavy flavour sector. The ALICE experiment [38] studies the quark-gluon plasma using

a detector dedicated to the measurement of heavy ion collisions.
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The acceleration of protons happens at several stages [34]. It starts with the Linear
Accelerator 2 (LINAC2) where ionized hydrogen is accelerated to 50 MeV. The protons
are then accelerated by the Proton Synchrotron Booster, Proton Synchrotron (PS) and
Super Proton Synchrotron (SPS) to 1.4 GeV, 26 GeV and 450 GeV, respectively. Finally,
the beam is injected into the LHC for the final acceleration. In the LHC, the protons
travel in opposite directions in two adjacent beam pipes. The protons are accelerated
by radio-frequency cavities and they are confined in the LHC ring by superconducting
dipole magnets. Quadrupole magnets are also used to collimate the beam and keep it

focused for collision.

In the LHC, the protons are grouped into different bunches separated by 25 ns. The

number of times (V) that a process happens is

N—a/ﬁ@ﬁ, (3.1)

where o is the cross section of the process and L(t) is the instantaneous luminosity of

the collision at time ¢ [10]. The instantaneous luminosity can be written as

L= fran

= f—= 3.2
Aroxoy’ (3:2)

where f is the frequency of the bunch crossing, n; and no are the number of particles in
each bunch, and ox and oy are the width of the bunches in two orthogonal axes. The
account of data the collider produces during a time period T can be described by the

integrated luminosity

T
L:aA L(t)dt. (3.3)

Run 2 took place during 2015 - 2018, where the LHC collided protons at a centre of
mass energy of 13 TeV. The luminosity as a function of time and pileup recorded by the
ATLAS detector is shown in Figure 3.1. The LHC delivered data corresponding to a
total integrated luminosity of 156 fb~! with 147 fb~! recorded by the ATLAS detector.
During data taking, the ATLAS detector sometimes has issues which affect the quality

of the data. During the analysis, bad events are filtered out, and the data corresponding
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Figure 3.1: The luminosity as a function of time (left) and the pileup recorded by the
ATLAS detector (right) during Run 2. The plots are taken from Ref. [39].

to a total integrated luminosity of 139 fb~! has been determined to be good for physics
analysis. During 2018, the ATLAS detector recorded the highest average pileup of 36.1

interactions per bunch crossing.

Run 3 [40] is planned to take place during 2022 - 2025, where the LHC will operate at
a centre of mass energy of 13.6 TeV and deliver data corresponding to a total integrated
luminosity of 300 fb~!. An increased pileup of about 80 interactions per bunch crossing

on average is expected.

3.2 The ATLAS Detector

The ATLAS detector [35], which is shown in Figure 3.2, is a general-purpose detector
at the LHC that covers almost the full solid angle. The detector consists of several
cylindrically symmetric components surrounding the beampipe: the inner detector,
the calorimeters and the muon spectrometer. The designed position for proton-proton
collisions to take place, also known as the nominal interaction point, is at the centre of
the detector. Particles produced by the collision first enter the inner detector where the
momenta of charged particles are measured. The particles then enter the calorimeters
where they are absorbed by a series of absorbing layers followed by active layers that
measure their energy. After that, muons will enter the muon spectrometer, and their
momenta and energy will be measured. Neutrinos will finally escape the ATLAS detector

and be measured as missing transverse momentum.
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Figure 3.2: Layout of the ATLAS detector. The picture is taken from Ref. [35].

The official definition of the ATLAS coordinate system is used to describe the detector
and the kinematics of particles. The origin of the right-handed Cartesian coordinate
system is the nominal interaction point, while the z-axis is the direction of the beam.
The positive y-axis is perpendicular to the LHC rings and points upward, while the

positive x-axis points to the centre of the LHC rings.

Several variables are defined based on the ATLAS coordinate system. The rapidity

is defined as:
1. E+p,

= —In
y [E_pz

5 I (3.4)

where F is the energy of the particle and p, is the momentum in the z direction. Under
Lorentz transformation along the beam direction, the rapidity difference between two
particles is invariant, making it a good variable to describe the angular separation in
collider physics. However, it is hard to measure rapidity because it requires a precise
measurement of F and p,. As a result, the experiment normally uses a similar quantity

called pseudorapidity which is defined as:

0
n= —ln(tang), (3.5)
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Figure 3.3: Layout of the magnets of the ATLAS detector. The picture is taken from
Ref. [41].

where 6 is the polar angle. The pseudorapidity is equivalent to the rapidity in the

massless limit. The distance between objects is defined as

AR? = An? + A¢?, (3.6)

where ¢ is the azimuthal angle.

3.2.1 The Magnets

Figure 3.3 shows the magnet system [35] of the ATLAS detector. The magnets generate
a magnetic field which enable the detector to determine the momenta of charged particles
using their trajectory. The central solenoid provides the magnetic field for the inner
detector. With a length of 5.3 m, a diameter of 2.4 m and a thickness of 4.5 cm, it
surrounds the inner detector and provides a magnetic field of 2 T. The magnetic field
of the muon spectrometer is provided by three toroids in the outermost layer of the
detector. The barrel toroid consists of 8 coils and has a length of 25.3 m and a diameter
of 20.1 m. It surrounds the muon spectrometer in the barrel region and provides a
magnetic field of approximately 0.5 T. The two endcap toroids surround part of the
muon spectrometer in the endcap region and provide a magnetic field of approximately
1 T. Each endcap toroid consists of 8 coils and has a length of 5.0 m and a diameter of
10.7 m. The magnets in the ATLAS detector are cooled to approximately 4.7 K to allow

superconductivity.
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Figure 3.4: The layout of the ATLAS inner detector. The picture is taken from
Ref. [35].

3.2.2 The Inner Detector

Figure 3.4 shows the layout of the inner detector (ID) [35]. It consists of four parts:
the insertable B-layer (IBL), the pixel detector, the semiconductor tracker (SCT) and
the transition-radiation tracker (TRT). The ID is inside a 2 T magnetic field, and
the momentum and the charge of charged particles are determined by measuring its
trajectory. It provides tracking information for the vertex measurement and contributes

to particle identification. The transverse momentum resolution of the ID measurement is

% = 0.05% p; GeV & 1%, (3.7)
t

where p; is the transverse momentum of the particle [42].

The pixel detector, the SCT and the IBL are semiconductor detectors. Charged
particles create electron-hole pairs as they pass through the semiconductor. The pairs are
pulled to the opposite side by an electric field, and the current created can be measured.

The inner-most part of the ID is a pixel layer called the insertable B-layer [43]
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which was installed during the first long shutdown of the LHC. It has a pixel size of
50 x 250 pum? in R— ¢ x z and covers a range of || < 2.5. It is installed to compensate for
the dead pixels in the pixel detector caused by radiation damage and improve tracking
performance.

The layer next to the IBL is the pixel detector which provides the finest granularity
after the IBL. It consists of three cylindrical pixel sensor layers in the barrel region and
three disks in each endcap region, covering a range of |n| < 2.5. Each pixel sensor has a
minimum pixel size of 50 x 400 um? in R — ¢ x z. The detector has an impact parameter
resolution of 10 ym in the R — ¢ direction and 115 pum in the z direction.

The next part of the ID is the semiconductor tracker. It consists of 4088 modules
of silicon-strip detectors distributed in four cylindrical layers (barrel region) and nine
planar discs (each endcap region). It has an accuracy of 17 um in R — ¢ direction and
580 pm in z direction.

The outer-most layer is the transition-radiation tracker which consists of straw tubes
filled with xenon-based gas. Charged particles radiate photons when passing through
the boundary between two different media. The photons then ionize the gas, which
allows measurement. A light particle (like an electron) tends to emit more photons
than a heavy particle (like a pion) if they have the same momentum, which enhances
the particle identification power of the inner detector. There are 50,000 144 cm long
straws in the barrel region and 250,000 39 c¢m straws in the endcap region, covering a
range of |n| < 2. Unlike other subdetectors, the TRT only provides a R — ¢ direction

measurement with a resolution of 130 ym.

3.2.3 The Calorimeters

Figure 3.5 shows the ATLAS calorimeters [35]. They consist of electromagnetic calorime-
ters and hadronic calorimeters, covering a range of |n| < 4.9. The electromagnetic
calorimeters measure the energy of electrons and photons, while the hadronic calorimeters
measure the energy of hadrons. The muons and neutrinos generally escape the calorime-
ters, while most other particles are totally absorbed by the calorimeters. Within the

inner detector measurement range, the high resolution of the electromagnetic calorimeter
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Figure 3.5: The layout of the ATLAS calorimeters. The picture is taken from Ref. [35].

enables the precision measurement of energy for electrons and photons. Beyond the inner
detector measurement range, the rest of the calorimeter is used for jet reconstruction
and missing transverse energy measurement.

The electromagnetic calorimeter is a sampling calorimeter with liquid argon as
the active medium and lead as the absorbing material. Incoming electrons interact
with the absorbing medium via bremsstrahlung, and the photons radiated produce
electron-positron pairs. Incoming photons also produce electron-positron pairs. The
process continues and produces electromagnetic showers. The shower interacts with the
active medium via ionization, which allows the energy to be measured. The ATLAS
electromagnetic calorimeter consists of a barrel part (|| < 1.475) and two endcap parts

(1.375 < |n| < 3.2) with the same energy resolution [44| of

U_E_l()%
FE VE

®0.7%. (3.8)

The innermost layer of the electromagnetic calorimeter is a LAr presampler layer which
is used to correct the energy loss before the particle reaches the calorimeters. It covers a
range of || < 1.8 and has a granularity of An x A¢ = 0.025 x 0.1. The front layer is

next to the presampler layer. It has a granularity of An x A¢ = 0.025/8 x 0.1 in the
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barrel region and the granularity varying from An x A¢ = 0.025/8 x 0.1 to 0.025 x 0.1
in the endcap region. The front layer has the finest granularity to identify photons from
pion decays. The middle layer of the electromagnetic calorimeter absorbs most of the
energy, and it has a granularity varying from An x A¢ = 0.025 x 0.025 to 0.1 x 0.1.
The back layer has a granularity of An x A¢ = 0.05 x 0.025. Its main purpose is to
absorb the remaining energy and help distinguish between electromagnetic showers and
hadronic showers.

Surrounding the electromagnetic calorimeter is the hadronic calorimeter. Incoming
hadrons interact with the nuclei of the detector via the strong interaction. Charged
hadrons also lose energy via ionization. The particles produced in the process continue to
interact with the detector and create hadronic shows. The ATLAS hadronic calorimeter
has several different components. The tile calorimeter is a sampling calorimeter using
steel as an absorbing material and scintillating tiles as the active medium, covering a
range |n| < 1.7. The endcap region (1.5 < |n| < 3.2) is covered by the LAr hadronic
endcap. Both the LAr hadronic endcap and the tile calorimeter have an energy resolution

[45] of
og  50%

E  VE

The forward region (3.1 < |n| < 4.9) is covered by the LAr forward calorimeter with an

® 3%. (3.9)

energy resolution [45] of
op 100%

E  VE

The hadronic calorimeter has a coarser granularity than the electromagnetic calorimeter

& 10%. (3.10)

because the hadronic shower is normally wider than the electromagnetic shower.

3.2.4 The Muon Spectrometer

The outmost part of the ATLAS detector is the muon spectrometer [35], which is shown
in Figure 3.6. Muons’ Bremsstrahlung radiation in the calorimeter is suppressed due to
the high mass, so they generally escape the calorimeter and enter the muon spectrometer.
The muon spectrometer is inside a magnetic field which bends the trajectories of muons

and enables the measurement of momenta. The magnetic field is provided by the large
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Figure 3.6: The layout of the ATLAS muon spectrometer. The picture is taken from
Ref. [35].

barrel toroid in the region |n| < 1.4 and two endcap magnets in the region 1.6 < |n| < 2.7.

The magnetic field in the region 1.4 < |n| < 1.6 is provided by both magnet systems.

The ATLAS muon spectrometer consists of individual muon chambers distributed in
four subsections: monitored drift tubes, cathode strip chambers, resistive plate chambers
and thin gap chambers. Muons passing through the chambers ionize the gas and produce
electrons and ions which can be measured. Monitored drift tubes filled with argon
and carbon dioxide cover a range |n| < 2.7. In the forward region (2.0 < |n| < 2.7),
cathode strip chambers filled with carbon tetrafluoride, argon and carbon dioxide gas
are installed to handle the high particle rate because they have good spatial resolution
and response time. Monitored drift tubes and cathode strip chambers are both used for

precision tracking.

The resistive plate chambers and the thin gap chambers are installed to provide
information for triggering due to their fast response time. The resistive plate chambers
cover the barrel region of |n| < 1.05, while the thin gap chambers cover the forward

regions of 1.05 < |n| < 2.4.
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3.2.5 The Trigger System

The LHC produces a large number of collision events, and data collected by the ATLAS
detector has to be preselected by the trigger system before storage. The ATLAS trigger
system used during Run 2 [46] is shown in Figure 3.7. It consists of the level-1 (L1)
trigger [48] and the High Level Trigger (HLT) [49].

Events are first selected by the hardware-based L1 trigger. The L1 calorimeter
(L1Calo) trigger [47] identifies objects of interest using the energy deposit in the calorime-
ters. It looks for calorimeter objects with transverse energy (E7) above certain predefined
thresholds. The analogue signal from the calorimeters is first digitized and calibrated by
the preprocessor. The preprocessor’s output is then processed by the Cluster Processor
(CP) and the Jet/Energy-sum Processor (JEP). The CP identifies isolated e/~ and 7
objects while the JEP identifies jets, the total transverse momentum and the missing
transverse momentum.

The CP algorithms [47] search for objects of interest by scanning all possible 4 x 4
trigger tower windows. Each trigger tower contains the Ep with a granularity of
An x A¢p = 0.1 x 0.1 in the electromagnetic layer and the hadronic layer, shown in
Figure 3.8. To identify isolated objects, the sum of E7 in the 12 cells surrounding the
central 2 x 2 cells in the electromagnetic layer is required to be less than a certain
threshold. For e/ objects, the sum of E7 in the hadronic layer is required to be less
than certain thresholds to make sure that the energy is contained in the electromagnetic
layer. The isolation is not required if the Er of the object passes a certain predefined
threshold. The sum of Er in the central 2 x 2 towers is required to be a local maximum
to avoid double counting. In Run 3, the e/v and 7 algorithms have been upgraded to
make use of trigger towers with a finer granularity to handle the increased luminosity
and pileup. More details about the Run 3 L1Calo system will be discussed in Chapter 4.

The L1 muons trigger (L1Muon) estimates the muons’ transverse momenta using the
signals from the Thin Gap Chambers and Resistive Plate Chambers. The information
about the muon candidates is sent to the Muon-to-Central Trigger Processor Interface
(MUCTPI) which counts the numbers of muon candidates passing each of the predefined

transverse momentum thresholds.



3.3. The ATLAS Phase-I Upgrade 59

The Level-1 Topological Processor (L1Topo) receives information from the L1Calo
and the L1Muon and makes decisions using global objects such as the missing transverse
energy and invariant mass. The final decision of the L1 trigger is made by the Central

Trigger Processor (CTP).

L1 triggers reduce the event rate from 40 MHz to about 100 kHz. After the L1
trigger selection, events are further selected by the High Level Trigger. The HLT is
software based and runs on CPU farms. It receives Regions of Interest (Rol) in the
1 — ¢ space identified by the L1 trigger system and performs regional reconstruction of
physics objects using the full detector granularity. The event rate is reduced to about 1

kHz after the HLT selection. Events selected by the HLT are stored for further analysis.

The thresholds applied to objects by the L1 trigger and the HLT are defined in the
trigger menu. The ATLAS experiment uses different sets of trigger menus. The primary
triggers are used for physics study, while others are used for efficiency measurements
and detector calibrations. The Run 2 trigger menus used during 2015, 2016, 2017 and

2018 are summarized in [50], [51], [52] and [53| respectively.

3.3 The ATLAS Phase-1 Upgrade

In Run 3, the LHC will deliver data corresponding to a total integrated luminosity of
300 fb~! with the expected average pileup of about 80 interactions per bunch crossing [40].
The detector performance required in Run 3 is beyond the original design specifications.
In order to make the ATLAS detector operate efficiently under the new condition, the
Phase-I upgrade of the ATLAS detector took place during the long shutdown 2 (LS2) of
the LHC.

The L1 muon trigger rate is proportional to the luminosity [54], and the trigger rate
expected during Run 3 exceeds the capacity of the ATLAS Trigger and Data Acquisition
(TDAQ) system. The Run 2 muon trigger relies on the Big Wheel (thin gas chambers)
to trigger on muons in the forward regions. However, studies [55] show that the method
has a high fake rate (about 90%) due to radiation generated by the material between the

big wheels and the small wheels. The current muon small wheels consist of cathode strip
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chambers and monitored drift tubes. To reduce the trigger rate without losing events
which are important for physics analysis, a new small wheel [55] with a faster response
covering the region 1.3 < |n| < 2.7 has replaced the old small wheel to provide enhanced
information for the trigger. With the information from both the new small wheel and
the big wheel, the muon trigger will be able to reconstruct the tracks of muons and
reject particles which have not originated from the collision point.

During the LS2, the electronics of the LAr calorimeters have been upgraded [56] to
provide trigger towers with a finer granularity in the L1Calo. The new information from
the LAr calorimeters is crucial for reducing the L1Calo trigger rate without damaging
physics results. With the upgraded system, the L1Calo will make use of LAr readouts of
the granularity up to An x A¢ = 0.025 x 0.1. More details about the Phase-I upgrade
of the L1Calo will be discussed in Chapter 4.

The TDAQ system has also been updated [57] during LS2. The new trigger algorithms
have been designed and implemented to make use of the new readout from the upgraded
LAr calorimeters and muon system. The hardware has also been upgraded with the

latest technology to increase processing power and data transmission speed.



Chapter 4

The Level-1 Calorimeter Trigger

Offline Simulation

This chapter discusses the L1Calo offline simulation for the Phase-I upgrade of the
ATLAS TDAQ system [57]. The L1Calo offline simulation is a C++ module which is
part of the ATLAS offline software framework (Athena) [58|. It processes the digitized
signals from the calorimeters and identifies regions of interest which are then processed
by other parts of the trigger system. The L1Calo offline simulation software will be part
of the ATLAS detector simulation for the Monte Carlo events production. It also works
as a tool to monitor the L1Calo system and validate the L1Calo online simulation and
the firmware.

This chapter focuses on the simulation of the Electron Feature Extractor (eFEX)
module [59]. The eFEX module is responsible for the clustering and identification of
e/v and 7 candidates using sliding-window algorithms. The algorithms calculate jet
rejection variables which discriminate between e/ /7 and jets.

This chapter will first introduce the Run 3 L1Calo system, the eFEX algorithms and
the Athena framework. It will then describe the structure of the L1Calo eFEX offline
simulation software. After that, it will focus on the software modules designed and
developed by the author. Finally, some plots created using the outputs of the framework
will be shown.

It should be noted that Section 4.4 and Section 4.5 describe the status of the software
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at the time when the author was actively involved in the development. The structure of

the simulation is still subject to change as the development work continues.

4.1 Overview of the Run 3 L1Calo System

Figure 4.1 shows the architecture of the upgraded L1Calo system for Run 3 [60]. The
L1Calo system accepts digital signals from the liquid-argon (LAr) calorimeter and the
tile calorimeter (TileCal). The analogue signals from the LAr calorimeter are digitized
by the LAr Trigger Digitizer Boards (LTDB) and then transmitted to the LAr Trigger
processing Mezzanine (LATOME) cards where the transverse energy (E7) is computed.
The analogue signals from the TileCal are digitized by the Tile Rear Extension (TREX)

modules installed in the Pre-processor.

During Run 2, the L1Calo system has processed analogue trigger tower signals using
the Jet Energy Processor and the Cluster Processor. In Run 3, trigger towers are broken
down further into SuperCells to provide LAr calorimeter signals with a finer granularity
[60]. A SuperCell is a combination of four or eight LAr calorimeter cells. Three new
Feature Extractor (FEX) modules are being installed to process the SuperCell inputs.
The eFEX identifies e/ and 7 candidates. The Jet Feature Extractor (JFEX) identifies
candidate jets, 7, missing transverse energy, sums of transverse energy and forward
electrons. The Global Feature Extractor (gFEX) identifies candidate large-R jets as
well as missing transverse energy and transverse energy sums. The optical signals from
the LATOME and the TREX are routed to the three FEX modules by the Fiber Optic
Exchange (FOX) module.

The three FEX modules produce Trigger Object (TOB) words containing information
about the selected candidates. They are sent to the Level-1 Topological Trigger Processor
(L1Topo) for further processing. The modules used during Run 2 will work in parallel
with the new system at the beginning of Run 3 to validate the FEX outputs, and they

will be removed once the new system is validated.
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Figure 4.1: Overview of the ATLAS L1Calo system for Run 3. The picture is taken
from Ref. [60].
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Figure 4.2: Layouts of a trigger tower (left) and a 3 x 3 tower window for the
algorithms (right). The picture on the left is taken from Ref. [59].

4.2 The eFEX Algorithms

This chapter focuses on the eFEX module which uses sliding-window algorithms to
search for isolated e/~ or 7 energy deposits in the calorimeters. The algorithms process
SuperCells contained in trigger towers which are shown in Figure 4.2. Covering a
granularity of An x A¢ = 0.1 x 0.1, each trigger tower consists of four electromagnetic
layers and one hadronic layer, where the layer-0 and the layer-3 each contain one
SuperCell from the LAr electromagnetic calorimeter, the layer-1 and the layer-2 each

contain four SuperCells from the LAr electromagnetic calorimeter, and the hadronic
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layer contains one tile trigger tower from the tile calorimeter or one SuperCell from
the LAr hadronic calorimeter. For simplicity, we treat both the tile trigger towers and
the LAr hadronic calorimeter SuperCells as hadronic layer SuperCells in the rest of the

chapter, unless specified otherwise.

The algorithms [60] process the Er of SuperCells in a 3 x 3 tower window shown
in Figure 4.2, where the red trigger tower at the centre is the primary core tower. To
identify isolated e/~ energy deposits, the algorithms first look for the primary seed which
is the layer-2 SuperCell with the highest E7 in the primary core tower. It then compares
the Er of two adjacent SuperCells in the ¢ direction, and the one with a greater Er is
defined as the secondary seed. The trigger tower where the secondary seed is located
is the secondary core tower. The algorithms will calculate the cluster energy which is
defined as

Ecister = Eo3 + E12, (4.1)

where Fjys is the Er sum of all layer-0 and layer-3 SuperCells in the primary and the
secondary core towers, and F1o is the Ep sum of the layer-1 and layer-2 SuperCells in a
An x A¢p = 0.75 x 0.2 area around the primary and the secondary seeds. Finally, the

algorithms will calculate three jet rejection variables.

The authors’ work involves implementing a jet rejection variable called total cluster

width which is defined as:
2 _ Z Ez](Z - Z.seed)Q
’ > Eij ’

where ) E;; is the Ep sum of all SuperCells in a An x A¢ = 0.125 x 0.3 area centred

w (4.2)

at the primary seed, ¢ and j are the SuperCell indices in 7 and ¢ directions respectively,
and igeeq is the 7 index of the primary seed. The value ) F;;(i — isced)? is the Ep sum
weighted by the squared distance between a SuperCell and the primary seed in the 7
direction. The weights (i — iseed)2 are 0, 1 and 4 when the 7 distance is 0, 0.25 and 0.5
respectively. The e/ objects produce a narrower shower than jets, so tower windows

with w? below certain thresholds are selected.

The other two jet rejection variables for the identification of e/y objects are the
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hadronic condition and the R, isolation. The hadronic condition Rp.q is defined as

Ehaa
Ehnad + Eo+ E1 + Ey + E3’

Ryad = (4.3)

where Fi,q is the sum of all hadronic layer Er in a tower window, Ey and E3 are the Ep
sums in Anp x A¢p = 0.1 x 0.3 areas centred around the primary core tower in the layer-0
and the layer-3 respectively, and E7 and Fo are the sums of Ep in An x A¢ = 0.075x 0.3
areas centred around the primary seed in the layer-1 and the layer-2 respectively. The
electrons and photons are expected to deposit most of their energy in the electromagnetic

calorimeter, so trigger-tower windows with Ry,q below certain thresholds are selected.

The R, is defined as
Egy — Ecy
R, = — 7= 4.4
n EE2 ( )
The E¢s is the cluster energy calculated with only layer-2 SuperCells, and Egs is the Er
sum of all layer-2 SuperCells in a An x A¢ = 0.175 x 0.3 area centred around the primary

seed. Isolated electrons and photons are expected to have a low R;, so trigger-tower

windows with R, below certain thresholds are selected.

The thresholds for the three jet rejection variables are optimized by the L1Calo
Trigger and Performance group, and they will be provided before the start of Run 3. The
requirement of jet rejection variables are only applied when Ecyster < 60 GeV. Objects

with high Fcuster automatically pass the selection.

The selected tower windows are delivered to the L1Topo in the form of TOB words.
The counts of numbers of the thresholds satisfied are stored in the TOB word as integers
for the three jet rejection variables separately. The thresholds are assumed to be in
increasing order. Each TOB word also contains data related to the 7, ¢ location of the
tower window, Cluster Energy, seed location and information about whether the primary
seed is the most energetic supercell in the tower.

There are 24 eFEXs covering all SuperCells from the calorimeters, and each eFEX
processes an area of Anx A¢ = 1.8 x1.0. Each eFEX consists of four Field Programmable

Gate Arrays (FPGA) [61] with each one processing trigger towers in an area of Anx A¢ =
0.6 x 1.0 [60].
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4.3 The Athena Framework

The ATLAS experiment uses the Athena framework [58] for event reconstruction, detector
simulation and physics analysis. The Athena framework is based on the GAUDI
framework [62] which is also used by the LHCDb experiment. The framework uses an
object-oriented methodology and the code is mainly based on C++.

The framework is component-based. A component is a C++ object derived from a
variety of predefined abstract classes. Components share a group of standard interfaces,
which allows them to be controlled easily. The Athena framework contains many
predefined components. Some of them are commonly used for physics analysis, while
others are utilities for code development. Developers can build applications from
predefined components, but they can also design their own components based on various
base classes. The most important types of Athena components for the development of

the offline simulation are:

e Algorithms. An Athena Algorithm is a C+-+ class derived from the algorithm
base classes. Each Algorithm must contain three methods: initialize(), execute()
and finalize(). The initialize() and the finalize() methods are only executed once
at the beginning and the end of an Athena application. The execute() contains

the actual analysis code, and it is called once for every single event in the dataset.

e Tools. An Athena Tool is a part of code which operates on data. It is called inside
Algorithms. It may be called more than once per event. Unlike Algorithms, Tools
do not have a standard interface, which allows it to be customized. However, it

normally contains an initialize() method called at the beginning of the application.

e Services. Services are utilities that facilitate code development. It performs tasks

such as displaying error messages, accessing data and creating output files.

An Athena application is configured by the Athena JobOption. A JobOption is a Python
script which lists all the Algorithms, Tools and Services required by the analysis. It
specifies the execution order of the Algorithms. It may also contain application settings

such as output file names. Athena applications are managed by the Athena Application
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Manager. The Application Manager creates and executes Algorithms, Tools and Services
according to the JobOption.

The ATLAS experiment processes a large amount of data and simulation, and the
offline software must run on more than one processor to reduce computation time. Run-
ning separate Linux processes is not practical because of the large memory consumption
of Athena applications. As a result, objects such as Tools and Services are shared

between different threads once created to save memory [63].

4.4 Overview of the L1Calo eFEX Offline Simulation Soft-

ware

The L1Calo offline simulation software is an object-oriented C+-+ package of the Athena
framework. It is designed to be efficient and thread-safe. The simulation’s input is the
Athena CaloCellContainer and TriggerTower objects which are collections of Athena
SuperCell and tile trigger tower objects. The code contains independent simulations
for the eFEX, jJFEX and gFEX. The chapter will focus on the simulation of the eFEX,
but the simulation of the jJFEX and gFEX also has a similar code structure. The Run 2
legacy modules (JEP and CP) are not included in the simulation. The offline simulation
software can be incorporated into the Athena detector simulation, but it can also run
independently for L1Calo related studies.

The simulation follows the structure of the firmware closely. The eFEX simulation can
be divided into the mapping simulation (eSuperCellTowerMapper class and eFEXSysSim
class), the individual eFEX board simulation (eFEXSim class), the individual FPGA
simulation (eFEXFPGA class), the algorithm simulation (eFEXegAlgo class and eFEX-
tauAlgo class) and the TOB output simulation (eFEXegTOB class and eFEXtauTOB
class). It also contains the eFFEXNtuple Writer Athena Algorithm which monitors the
simulation for debugging purposes. The simulation software use the StoreGate Service
[64] to store objects in RAM, which makes the object accessible to all classes in the
simulation.

Every eFEX module, trigger tower and SuperCell object in the simulation can be
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uniquely determined by its ID. The trigger tower ID is a 6-digit decimal integer related
to the trigger tower’s n and ¢ position in the detector. A SuperCell object can be
uniquely identified by an unsigned 64-bit integer hash ID. Each FPGA has an integer
ID goes from 0 to 3, and it can also be uniquely determined by pairing with the ID of

the eFEX (an integer from 0 to 23) to which it belongs.

The Unified Modeling Language (UML) [65] sequence diagram in Figure 4.3 shows the
structure of the eFEX simulation. The simulation is controlled by an Athena JobOptions
Python script. For each event, the main part of the simulation, the eF’EXDriver Athena
Algorithm, is called first to load inputs and perform the L.1Calo eFEX simulation. After
that, an optional Athena Algorithm, eFEXNtuple Writer, can be called to save monitoring

data for debugging.

At the beginning of the simulation, the eF'EXDriver first builds an eTowerContainer
object which is a collection of all trigger towers in the calorimeters. The simulation
uses the eTower objects to represent individual trigger towers, and the read and write
methods for the £ of SuperCells with noise threshold cut are available in the eTower

class.

The SuperCell Er needs be stored in the eTowerContainer object because the
algorithms will access it to obtain SuperCell Er in each tower window. The SuperCell
Er of the eTowerContainer object is assigned by the eSuperCellTowerMapper class
where the mapping between SuperCells and trigger towers is made. The SuperCell Er
from the LATOME is stored in the Athena CaloCellContainer object, and the mapping
is made by associating the IDs of the SuperCells with the trigger tower’s position. The
description of the LATOME mapping code is available in Section 4.5. The Ep delivered
by the TREX is stored in the Athena TriggerTowerContainer object, and the mapping
is made using the position of SuperCells and that of trigger towers. At the current
stage of the development, the Run 2 L1Calo offline simulation module of the Athena
framework has to be executed to produce the Trigger TowerContainer object prior to
the Run 3 simulation. In the future, a new module could be implemented to produce
the TriggerTowerContainer without the Run 2 simulation. Both the CaloCellContainer

object and the TriggerTowerContainer object are obtained using the StoreGate Service.
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Figure 4.3: UML sequence diagram for the L1Calo eFEX offline simulation software.
The reference fragments are in Figure 4.4 and Figure 4.5.

After the SuperCell-tower mapping, an optional step could happen in the e FEXDriver

where the SuperCell E7 is replaced by an alternative dataset known as the test vector.

More details will be discussed in Section 4.5.

After the mapping simulation, the eTowerContainer object is stored in RAM using
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the StoreGate Service, making it available to all the other classes in the simulation. The
eFEXDriver then calls the eF’EXSysSim object to run the tower-FPGA mapping, the
eFEX simulation and the algorithm simulation. The eFEXegTOB objects produced by
the algorithm simulation are stored in RAM via the StoreGate Service. At the end of
the simulation, the eFFEXNtuple Writer could be called to save monitoring data. More

details about the eFEXSysSim and the eFEXNtuple Writer are available in Section 4.5.

4.5 Technical Design of the Mapping, Testing and Valida-

tion Modules

The authors’ work in the development of the offline simulation software involves the
mapping, testing and validation modules. This chapter presents a detailed technical

description of the relevant codes.

4.5.1 The Mapping Modules
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Figure 4.4: UML sequence diagrams for the tower-FPGA mapping code (left) and the
SuperCell-tower mapping code (right).

The L1Calo offline simulation uses SuperCells from the LATOME and the TREX as

input, and mapping is required to assign the SuperCell E7r to the trigger towers and
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make connections between the trigger towers and the FPGA modules. The mapping can
be done by hard-coded calculation using the 1 and ¢ position of the SuperCells, trigger
towers and FPGAs. It can also be done using mapping data stored in Comma-Separated
Values (CSV) files, allowing changes to be implemented easily in case of possible mapping

changes in the future.

The classes which load the CSV files are Athena Tool components, which allows
the mapping class to be managed by the Athena ToolHandles [66]. The advantage of
using ToolHandles is that the mapping classes are created and managed by the Athena
Application Manager, which reduces memory consumption because the mapping object is
shared among all threads after its creation. The dedicated mapping classes also improve

the readability of the code.

The UML sequence diagram in Figure 4.4 describes the FPGA-Tower mapping code.
The mapping class eFEXFPGATowerldProvider loads the CSV file and provides the
IDs of all the trigger towers in an eFEX or an FPGA. The eFEXFPGATowerldProvider
class also sorts the IDs to match their position in the L1Calo firmware. The CSV file
contains information about a trigger tower’s ID, 1, ¢ and the eFEX and FPGA to which
it belongs. The CSV file is preloaded before iterating through all the events. During
the preloading, the tower IDs in every FPGA are sorted using the n and ¢ values and
stored in RAM as a referential array. The preloading allows the simulation to search for
a trigger tower ID using the eFEX ID and the FPGA ID with O(1) time complexity.
The mapping information will later be utilized by the eFEXSysSim object if the CSV
mapping is available; otherwise, the mapping would be determined by the hard-coded

calculation.

The CSV file for the SuperCell-tower mapping contains the SuperCell IDs and
the IDs of the trigger towers to which they belong. Before iterating through all the
events, the eFEXSuperCellTowerldProvider object loads the trigger tower IDs and stores
the mapping information in RAM as a hash table with the SuperCell ID as the key.
The mapping information is then utilized by the eSuperCellTowerMapper object to
assign SuperCell Ep to trigger towers. The eSuperCellTowerMapper object will use the

hard-coded calculation if the CSV file is not available.
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4.5.2 The eFEX, FPGA and Algorithm Modules
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Figure 4.5: UML sequence diagram for eFEX, FPGA and algorithm simulation. The
reference fragment for the tower-FPGA mapping is in Figure 4.4

The UML sequence diagram in Figure 4.5 shows the simulation of the eFEX, FPGA
and algorithms. The simulation of the eFEX is initiated by the eFEXsysSim object by
sending IDs of all the trigger towers in an eFEX module to the eFEXSim object. The
eFEXSim object then starts the simulation of four FPGAs by calling the e FEXFPGA
object which receives the IDs of all the trigger towers in an FPGA. The eFEXFPGA
object retrieves the eTowerContainer via the StoreGate Service and starts the e/ and
7 algorithm simulation by creating 3 x 3 tower windows and initiating the eFEXegAlgo
and eFEXtauAlgo objects with the corresponding trigger tower IDs in a tower window.

The algorithm simulation retrieves the SuperCell Er within the tower window and
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calculates all variables required to create TOBs. The TOB objects are then sent back to
the eFEXFPGA object, where the relevant information for monitoring is recorded in the

eFEXOutputCollection object via the StoreGate Service.

4.5.3 Test Modules

The eFEXNtuple Writter class is an optional module for testing and debugging purposes.
The module accesses the information stored in the eFEXOutputCollection object and
creates a ROOT tuple file [67] for analysis. The variables contained in the output file
include the 7, ¢, sums of Ep and jet rejection variables of all the tower windows in the
calorimeters. The class also retrieves the 77, ¢ and Ep of truth-level particles which can
be used to make comparisons with the TOBs.

The eFEXNtuple Writter class and the eF'EXQOutputCollection should only be used
at the development stage of the offline simulation software because it slows down
the computation and generates unnecessary output files. An option which disables
its functionalities without affecting other parts of the simulation is available in the

JobOptions file.

4.5.4 Test Vectors for Validation

The L1Calo online software [68] is a standalone framework for the control, testing and
monitoring of the L1Calo system. It is also capable of event-by-event simulation of the
L1Calo system using test vector input. The test vector is a text file containing the
SuperCell Er of a single FPGA module or that of the whole calorimeter system. With
the same input data, the offline simulation software is expected to to produce exactly
the same output as the online software. To make comparisons with the online software,
the offline simulation needs to accept input in the test vector data format.

As is discussed in Section 4.4, an optional module (eFakeTower) is created after the
mapping of SuperCells. The module loads the test vector file and replaces the Er stored
in the TriggerTower object with the one provided by the test vector file. After that, the
framework will be able to perform eFEX, FPGA and algorithm simulation using the

same input as the online simulation.
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The test vector module will be used in the development stage of the framework for
debugging and validation purposes, and its functionalities will be disabled in the final

release.

4.6 Results

This section shows the preliminary results of the simulation. The plots in this section were
made using the monitoring data created by the eFEXNtuple Writer Athena Algorithm.
The plots were created using the simulated Z — ete™ and dijet MC samples. The
next-to-leading-order (NLO) Z — eTe™ events were generated by POWHEGBOX [69-71],
while the parton shower and hadronisation were simulated by PYTHIAS [72|. The AZNLO
[73] set of parameter tuning and the CTEQG6 [74] PDF set were used. The leading-order
(LO) dijet events were generated by PyTHIA8 with the LO NNPDF 2.3 [75, 76] PDF set
and the A14 77| parameter tuning. The decays of the bottom and charm hadrons in

both samples were simulated by EvtGen [78].

Figure 4.6: The distributions of the electromagnetic-layer E7 of two random Z — eTe™
events in the 1 — ¢ plane. The black crosses are the locations of the electrons.

Figure 4.6 shows the distributions of the total tower Er in the four electromagnetic
layers for two random Z — eTe™ events in the n — ¢ plane. The plots show that the
SuperCell mapping is correct because the two most energetic towers and the two truth
electrons are at the same locations.

Figure 4.7 shows the distributions of Wy for the Z — eTe™ and dijet events. The
plot only shows Wy in trigger-tower windows with Ecjyster > 10 GeV. The plot shows

that the implementation of the W, variable works as expected since jets have a higher
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Figure 4.7: The distributions of Wy for the Z — eTe™ and dijet events.

W value than electrons.

Figure 4.6 and Figure 4.7 show that the distributions of Er and W calculated by
the simulation in the Athena framework behave as expected. In addition to the variable
distributions, validation also needs to be conducted by comparing the result of the
online simulation with that of the Athena-based simulation using the method described
in Section 4.5.4. At the time of writing, the validation over the full /¢ range is still

ongoing, and the simulation is aimed to be ready for use in Run-3 analyses.






Chapter 5

Object Reconstruction

Chapter 3 describes how particles interact with detectors. Before the analysis, physics
objects, such as electrons, muons, jets and missing transverse momenta, need to be iden-
tified and reconstructed from detector signals. This chapter describes the reconstruction

methods for the physics objects used in this thesis.

5.1 Tracks and Primary Vertices

Tracks of charged particles are reconstructed using hits in the inner detector. A track is
described by five parameters: d0, z0, ¢, 6 and ¢/p. The first two parameters, d0 and
20, are the transverse and longitudinal impact parameters to the interaction point. ¢
and 0 are the azimuthal and polar angles of the track’s momentum at the point closest
to the interaction point. ¢/p is the ratio between the charge and the magnitude of the
momentum.

There are two approaches to reconstruct tracks [79]. The inside-out algorithm starts
from 3-point seeds in the 3D space of the silicon trackers, where seeds are preselected
based on variables like the impact parameters to reduce computing time. After that,
the trajectory is extrapolated to add hit points, and low-quality track candidates are
rejected to remove fake tracks. Finally, hits in the TRT are added, and the track is
reconstructed using full information of the inner detector. The tracks are required to

have pr > 400 MeV. The inside-out algorithm is mainly used to reconstruct charged
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particles originating from the interaction point. To reconstruct particles produced by
decays inside the inner detector, such as electrons from photon conversion and particles
from b-hadron decays, the outside-in algorithm starts from segments of the TRT and
the trajectories are extrapolated inward to add hits from the silicon trackers. It also
reconstructs other tracks missed in the inside-out tracking.

Vertices are the interaction points identified using the reconstructed tracks [80]. The
reconstruction of vertices starts with a seed which is the global maximum of the track
distribution on the z-axis. After that, the vertex’s location is determined by fits using
the nearby tracks. A seed for a new vertex is created if a track has more than 7o
incompatibility with the existing vertices. The procedure is repeated until all tracks are

associated with vertices. The primary vertex is the vertex whose tracks have the highest

> vk

5.2 Electrons

The thesis uses electrons reconstructed by the method described in [81]. Electrons are
reconstructed by matching tracks in the inner detector to the clusters in the calorimeter.
If more than one track is matched, electron tracks are selected based on the number of
pixel hits and the AR separation between track and cluster. If the track of the candidate
electron is matched to a secondary vertex, the electron is likely to be from photon
conversion. Information about pixel detector hits, the candidate electron’s momentum
and the presence of the secondary vertex is used to differentiate prompt electrons from
photons.

Photons, hadronic jets and decaying hadrons may be misidentified as prompt electrons,

so a likelihood-based (LH) discriminator

Ls

dp = —=5
L= Is¥Lp

(5.1)

is defined for electron identification, where Lg and Lp are the likelihood of a candidate
being a prompt electron and the likelihood of a candidate being a process that mimics the

signature of a prompt electron, respectively. Lg and Lp are calculated using variables like
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the energy deposit in each calorimeter layer, track qualities and track-cluster matching.
Three electron identification working points, LH loose, LH medium and LH tight, are

defined using cuts on dr, [81].

A signature of prompt electrons is low activity in the detector region surrounding
the electron candidate, so candidates also need to satisfy isolation requirements. Two
variables, p%’nem and E%Onezo, are used for the isolation of clusters and tracks. E%Onezo is
the sum of transverse energy in a cone of AR = 0.2 in the electromagnetic calorimeters
centered on the candidate with the transverse energy of the candidate subtracted. p%one?o
is the sum of the tracks’ transverse momentum in a cone of AR = min(10/pr,0.2)
centered on the candidate with the transverse momentum of the candidate subtracted.
Products from boosted particle decays are close to each other, so variable radii are used in
the track calculation to take advantage of the fine granularity of the inner detector. Two
isolation working points are defined using cuts on E%Onego and p§9n620. The FixedCutLoose

working point requires ES*?0 /pp < 0.2 and p§"¢2Y /pr < 0.15, while the FixedCutTight

working points requires E$*?0 /pr < 0.06 and p§°2Y /pp < 0.06.

The requirements |dy|/o4, < 5 and |zpsin(#)| < 0.05 mm are placed on the impact
parameters of the tracks to ensure that the electrons are associated with the primary

vertex, where oy, is the uncertainty on the transverse impact parameter.

5.3 Muons

Muons are reconstructed using information from the inner detector, the calorimeters and
the muon spectrometer [82]. The tracks in the muon spectrometer are reconstructed by a
x? fit using hits in the muon spectrometer. There are five methods to reconstruct muon
candidates. The combined muons are reconstructed by matching the tracks in the muon
spectrometer to the tracks in the inner detector, with the energy loss in the calorimeters
taken into account. The inside-out combined muons are reconstructed by extrapolating
the inner detector tracks to the muon spectrometer. This method recovers muons in
the regions with poor muon spectrometer coverage and low-pr muons which stop inside

the muon spectrometer, because it does not rely on reconstructed tracks in the muon
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spectrometer. The muon-spectrometer extrapolated method extrapolates tracks in the
muon spectrometer to the interaction point to recover muons in the regions not covered by
the inner detector. The segment-tagged muons require at least one segment in the muon
spectrometer matched to a track in the inner detector, and the muons are reconstructed
using the parameters of inner-detector tracks. The calorimeter-tagged muons are also
reconstructed using the parameters of inner-detector tracks. The difference is that the
tracks in the inner detector are extrapolated to the calorimeters instead of the muon
spectrometer. This method recovers muons in the region with poor muon spectrometer
coverage.

Hadronic jets which penetrate the calorimeters and muons from decaying hadrons may
be reconstructed as prompt muons. Therefore, identification and isolation requirements
are applied.

Variables such as x? of fits and ¢/p compatibility between the inner detector and
the muon spectrometer are used for muon identification. The loose, medium and tight
working points are defined with increasing prompt muon purities [82]. In addition to the
three working points, a High-pr working point is defined for muons with pr > 100 GeV
to ensure good momentum resolution.

Same as the treatment for electrons, pCTOHQQO and E%OHGQO are also used for the
muon isolation. The FixedCutLoose working point requires E%One?o/ pr < 0.3 and
P20 /pr < 0.15, while the FixedCutTight working points requires E$°"¢20 /pp < 0.06
and p§°® /pp < 0.06.

Likes electrons, muons are also required to satisty |dp|/og, < 5 and |zgsin(6)| < 0.05 mm

to ensure that the reconstructed muons are associated with the primary vertex.

5.4 Jets

Jets are reconstructed using the energy deposits in the calorimeters. The first step
of the reconstruction is to determine the topological clusters [83] of energy deposit in
calorimeters. The significance of energy deposit in a calorimeter cell is E./o. where E.

is the energy deposit in the cell and o, is the uncertainty caused by background noise. A
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cluster is seeded from high significant cells while mild significant cells nearby are merged

to form a cluster.

Jet algorithms [84] are then used to merge clusters into jets. A weighted distance
between a cluster ¢ and another cluster j in the ¢ — y plane is defined as

2

dl] - min(k%,iv k%,]) R2 )

(5.2)
where k7., and k7, ;s the transverse momenta of the cluster ¢ and the cluster j, AR?J- =
(yi — yj)2 + (i — ¢j)2 , R is a user defined parameter and n is a parameter specified by

the choice of algorithm. The beam distance of the cluster 7 is defined as

The algorithm compares the two distance. If d;; is smaller, the two clusters are merged.
If d;p is smaller, then the cluster is identified as a jet. The algorithm is known as the
Cambridge-Aachen algorithm when using an unweighted distance (n = 0). When n = 2,
the algorithm becomes the kr algorithm which prefers to merge low-pr clusters. When
n = —2, the algorithm becomes the anti-k7 algorithm which prefers to merge high-pp

clusters.

Track jets are reconstructed using tracks in the inner detector. The track jets
reconstructed by the algorithms discussed above are fixed-radius track jets. The jets from
high-pr particle decays are collimated and overlap with each other. The variable-radius
(VR) track jet algorithm [85] can be used to improve the reconstruction, where the
radius R in Equation (5.2) depends on pr:

p
Ryr = -~ (5.4)
k7
where p is a parameter to be specified. An upper bound Ry.x and a lower bound R
are defined for the Ryr to make sure that jets will not get too large or shrink below the

detector resolution. Studies [86] show that the best parameters for the h — bb analysis

are p = 30 GeV, Rpax = 0.4 and Ry, = 0.02.
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There are multiple methods used to reconstruct jets in the ATLAS experiment. The
topological cluster jets are reconstructed using clusters in the calorimeters with the
anti-k7 algorithm [83]. The n and ¢ of the jet are the relative position with respect to
the primary vertex instead of the centre of the detector. The Particle Flow (PFlow)
jets are reconstructed using both tracks and the calorimeter clusters to improve the
reconstruction in high pileup environments [87]. It also improves the energy resolution
and the mass resolution of the jets. The PFlow algorithm is motivated by the fact
that the inner detector has a better momentum resolution than the calorimeters at low
pr. The algorithm first matches tracks to calorimeter clusters. The energy deposit
is estimated using the track and subtracted from the clusters. After the subtraction,
the cluster is removed if the remaining energy is consistent with an energy fluctuation.
Track-CaloCluster (TCC) jets are also reconstructed using both the tracks and the
calorimeter clusters [88]. However, it uses the energy of the clusters and the n and ¢
of the tracks. The TCC jet has better performance at high pp, while the PFlow jet
has better performance at low pp. The Unified Flow Objects (UFOs) combine both

algorithms and provide good performance in both the high ppy and the low pr [89].

The reconstructed jet’s energy is corrected to the energy of the truth jet by applying
a jet energy scale (JES), which is derived from MC simulation. A correction is also
applied to data to account for the difference between data and MC, which reduces the
JES uncertainties. A likelihood called Jet Vertex Tagger (JVT) [90] is used to remove
jets coming from the pileup. It is defined using information from the calorimeters and

the inner detector and applied to jets with pr < 60 GeV and 1 < 2.4.

The analysis searches for the A/Z" — Zh processes with the h boson decaying
into two b-jets. The h boson can be reconstructed using two small-R jets which are
reconstructed using anti-kp algorithms with R = 0.4. When the h boson is boosted,
the two jets from its decay are merged as one large-R jet which is reconstructed by the
anti-kp algorithm with R = 1. The analysis also uses track jets which are reconstructed
by the VR track jet algorithm. They are used for the b-tagging of large-R jets, which

will be discussed in Section 5.5.

Large-R jets are sensitive to the contamination of pileup events, initial-state radiations
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and multi-parton interactions, so a jet trimming method [91] is applied, where low-pp

subjets inside the large-R jets are subtracted.

Two additional corrections are applied to the b-tagged jets. A Muon-in-Jet correction
[92] is applied to account for the energy mismeasurement caused by the muons from the
semileptonic decay of b-quarks and c-quarks, where the muon momentum is added to
the jet momentum while the muon energy deposits in the calorimeters are substituted.
After the Muon-in-Jet correction, a pr-based correction (PtReco) which is determined
from Vhbb simulations is applied to the small-R jets. The correction improves the di-jet

mass resolution.

5.5 b-Tagging

b-tagging is a procedure which identifies jets originating from B-hadrons. B-hadrons
have a longer lifetime compared with other hadrons, which allows the reconstruction of

a secondary vertex. The MV2c10 b-tagging algorithm [93] is used in this analysis.

The algorithm starts with three basic algorithms. The first algorithm is the impact
parameter-based algorithm. The algorithm calculates the impact parameter of the track
closest to the primary vertex, then uses a likelihood-based approach to identify b-jets.
The impact parameter can be calculated using two different approaches. The IP3D
approach uses both transverse impact parameters and longitudinal impact parameters,
while The IP2D approach only uses transverse impact parameters. The second algorithm
is the secondary vertex finding algorithm which reconstructs the secondary vertex in
the jet. The properties of the reconstructed secondary vertex are used to identify b-jets.
The third algorithm is the decay chain multi-vertex algorithm, which reconstructs the

decay chain of the primary vertex to b-hadron to c-hadron.

A boosted decision tree (BDT) is trained using the outputs of the three basic
algorithms and some other kinematic properties of the jet. The BDT is trained on MC
samples with b-jets as signals and 90% light jets and 10% c-jets as backgrounds. Jets

satisfying the 70% percent efficiency working point are defined as a b-tagged jet.
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5.6 Missing Transverse Momentum

Neutrinos are not detected by the ATLAS detector, and they contribute to the momentum
imbalance in the transverse plane. The missing transverse momentum (MET) is the
negative vector sum of momenta in the transverse plane. The variable is mainly used to
describe the momenta of neutrinos, but other effects such as unreconstructed objects and
measurement errors also contribute. The variable is calculated using all reconstructed
physical objects such as leptons, jets and photons. Other unreconstructed objects whose

tracks are associated with the primary vertex are also used.

5.7 Overlap Removal

An object may be reconstructed by different parts of the detector which produces
duplicates. Objects which are close to each other may also affect the measurement. The
thesis uses the same overlap removal method as the previous ATLAS VH analysis [7].

The following overlap removal procedure for small-R jets is applied:
e If an electron and a muon share the same track, only keep the muon.
e If a jet is within the range AR < 0.2 of a surviving electron, remove the jet.

e If an electron is within the range AR < min(0.4,0,04+ 10 GeV /p%) of a surviving
jet, and the jet also satisfies JVT > 0.64, p]‘Tet < 50 GeV and |n| < 2.4, remove the

electron.

e If a jet is within the range AR < 0.2 of a surviving muon, and the jet has less
than 3 tracks, or if the jet has p/./(number of tracks)> 0.7 and pjTet/p?“O” <2,

remove the jet.

e If a muon is within the range AR < min(0.4,0,04 + 10 GeV /p%) of a surviving
jet, and the jet also satisfies JVT > 0.64, péft < 50 GeV and |n| < 2.4, remove the

muon.

e [f a tau is within the range AR < 0.4 of a jet, remove the jet.
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For large-R jets, the last step related to taus is not performed. A large-R jet is removed

if it is within the range AR < 1.2 of an electron.






Chapter 6

Search for a Heavy Resonance in the

[lbb Final State

This chapter discusses the search for a heavy resonance (Z' and A) decaying into a
Z boson and an h boson in the [~17bb final state (2-lepton channel) where [ depicts
an electron or a muon. The search considers the gluon-gluon fusion production (ggA)
and the b-associated production (bbA) of the A boson and the Drell-Yan production of
the Z’ boson. The search uses the same analysis method for both the ggA and the Z’
processes. The analysis method for the bbA process is different due to the two additional
b-jets in the final state. The search for the bbA and ggA processes covers a mass range
of 220 GeV to 2 TeV, while the search of the Z’ boson covers a mass range of 300 GeV to
5 TeV. The results of the 2-lepton channel search are combined with that of the 0-lepton
channel (vbb final state), which will be discussed in Chapter 7.

The analysis is a successor to the previous ATLAS Vh analysis [7] using 36.1 fb~! of
data, whose results have been summarized in Section 2.3. The new analysis improved
the sensitivity of the search with the full Run 2 dataset and new object reconstruction
methods. The event selection has been updated to increase the sensitivity to the signals
and improve the background modelling. A new background modelling method has also
been developed to improve the agreement between the data and the MC simulation.

The analysis method was initially developed using the simulated events, where event

selections were designed to increase the purity of the signal events. Control regions with



88 Chapter 6. Search for a Heavy Resonance in the [/bb Final State

low signal purity were defined using events that failed the signal-region event selection.
A background-modelling method was developed to improve the agreement between the
data and the MC simulation. The background modelling was tested using the data in
the control regions first. The same background-modelling method was then applied to

the signal region for resonance searches.

6.1 Signals, Backgrounds and Monte Carlo Simulation

b . b
b
b ho.
A b A b
v, 1~ v, 1
VA4 A
b
V_l,lJr l7l,l+

Figure 6.1: The Feynman diagrams of the ggA process (left) and the bbA process (right).
The diagrams are created using the TikZ-Feynman package [14].

The Feynman diagrams of the ggA and bbA processes in the final states of [~{Tbb and
vbb are shown in Figure 6.1. The LO ggA samples were generated by MADGRAPH5 2.3.3
and interfaced with PyTHIA 8.186 [72, 76| using the NNPDF LO 2.3 PDF set |75, 76] and
the A14 tuning [77]. The NLO ggA samples were generated by MADGRAPHS AMC@NLO
2.3.3 and interfaced with PyTHIA 8.186 with the CT10F4 NLO PDF set [94] and the

A14 tuning.

U_l,l+

Figure 6.2: The Feynman diagram of the Drell-Yan production of the Z’ boson. The
diagram is created using the TikZ-Feynman package [14].
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Figure 6.2 shows the Drell-Yan production of the Z’ boson in the [~ITbb and vbb
final states. The samples were generated at LO accuracy by MADGRAPHS 2.3.3 and
interfaced with PyTHIA 8.186 using the NNPDF 2.3 LO PDF set and the A14 tuning.

The bbA and ggA samples were simulated as a grid of mass hypothesis between
220 GeV and 2 TeV, while the Z' samples were simulated as a grid between 300 GeV
and 5 TeV. A morphing procedure [95] was used to interpolate between the simulated
mass points, where the distributions of the reconstructed signal mass my g and the
reconstructed signal transverse mass my g were approximated using the distributions
of the adjacent masses from the simulation. Studies [96] show that the morphed
distributions give a more conservative result than the simulated distributions. All signal
samples were generated with the assumption that the heavy resonance has zero natural

width (narrow-width approximation).

It o, 0,0%

Figure 6.3: The Feynman diagram for the Z+jets background and the W—jets back-
ground. The diagram is created using the TikZ-Feynman package [14].

The largest background in this analysis is the Z/W +jets background which is shown
in Figure 6.3. The background was generated by SHERPA 2.2.1 [97] using the NNPDF
3.0 NLO PDF set [98], where diagrams with up to two additional parton emissions
were simulated at NLO accuracy while diagrams with three or four additional parton
emissions were simulated at LO accuracy. The tuning developed by the SHERPA authors
was used. A global k-factor was applied to normalize the cross section of the samples to
the next-to-next-to-leading order (NNLO) accuracy [99].

The second largest background in the analysis is the ¢ process shown in Figure 6.4.
The background was simulated by POWHEGBOX v2 [69-71] and interfaced with PyTHIA

8.230 using the NNPDF 3.0 NLO PDF set and the A14 tuning. The cross section of the
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Figure 6.4: The Feynman diagram of the ¢t background. The diagram is created using
the TikZ-Feynman package [14].
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Figure 6.5: The Feynman diagrams of the WW, WZ, ZZ and the loop-induced ggZZ
backgrounds. The diagrams are created using the TikZ-Feynman package [14].

sample is normalized to the NNLO accuracy [100-105].

The diboson (WW, WZ, ZZ) backgrounds, shown in Figure 6.5, were simulated by
SHERPA 2.2.1 with the NNPDF 3.0 NNLO PDF set, where diagrams with up to one
additional parton emission were simulated at NLO accuracy while diagrams with two
or three additional parton emissions were simulated at LO accuracy. The loop-induced
g9Z Z process, shown in Figure 6.5, was simulated at LO by SHERPA 2.2.2 with the
NNPDF 3.0 NNLO PDF set.

The s-channel single-top background, the t-channel single-top background and the
W -associated single-top background are shown in Figure 6.6. They were simulated by
PownEGBOX v2 at NLO using the NNPDF 3.0 NLO PDF set, interfaced with PyTHIA
8.230 with the NNPDF 2.3 LO PDF set and the Al4 tuning. The overlap between
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Figure 6.6: The Feynman diagrams of the s-channel single-top background, the t-channel
single-top background and the W-associated single-top background. The diagrams are
created using the TikZ-Feynman package |14].

the W-associated single-top background and the tf background was removed using the

diagram removal scheme [106].

It o, o,

Figure 6.7: The Feynman diagram of the tf + Z and the tf + W* backgrounds. The
diagram is created using the TikZ-Feynman package [14].

The tf + Z and the tf + W7 backgrounds, shown in Figure 6.7, were generated at
NLO accuracy by MADGrRAPHS AMC@NLO 2.3.3 and interfaced with PyTHIA 8.186
using the NNPDF LO 2.3 PDF set and the A14 tuning.

The Standard-Model Higgs processes, shown in Figure 6.8, also contribute to
the backgrounds of the analysis. The analysis considers the background where the
Standard-Model Higgs boson decays into two b-quarks or two c-quarks. The tt + h
was simulated by MADGRAPHH AMCQNLO 2.3.3 and interfaced with PyTHIA 8.212
using the NNPDF LO 2.3 PDF set and the Al4 tuning. The Higgs-strahlung Zh/Wh

production was simulated by POWHEGBOX v2 at NLO with up to one parton emission
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Figure 6.8: The Feynman diagrams of the Higgs-strahlung production (top left), the
gluon-fusion Higgs production (top right) and the t-associated Higgs production (bottom).
The diagrams are created using the TikZ-Feynman package [14].

and interfaced with PyTHiA 8.212 using the PDF4LHC PDF set [107] and the AZNLO
tuning [73]. The gluon-fusion Zh production was simulated at LO with the same tools

as the loop-induced Zh.

6.2 Object Definition

The A/Z" — Zh — [T~ bb decay channel has a final state with two charged leptons and
two b-jets. The electrons and muons are reconstructed using the methods described
in Chapter 5. The electrons are selected using the LH loose identification working
point. The low-p7 muons are selected using the loose working point, while muons with
pr > 300 GeV are selected using the High-pr working point instead. The loose isolation
working point is applied to electrons and muons with pr < 100 GeV, while no isolation
is required for electrons and muons with py > 100 GeV. The electrons are required to be
within the inner detector’s coverage of |n| < 2.47, and muons are required to be within
the muon spectrometer’s coverage of |n| < 2.7.

There are three types of jets in the analysis. Small-R jets are reconstructed from
topological clusters with the anti-kp algorithm with R = 0.4. They are sensitive to

low-mass signals. When the light Higgs boson is boosted, the two jets from its decay are
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merged into one large-R jet. The large-R jets are TCC jets reconstructed with R = 1.
The third type of jet is the track jet built using the VR track-jet algorithm. It is used
for the flavour tagging of large-R jets.

The b-jets are identified using the MV2c10 b-tagging algorithm at the 70% efficiency
working point. Small-R jets satisfying |n| < 2.5 and pr > 20 GeV are called signal jets.
The b-tagging is applied to all signal jets and track jets within the range |n| < 2.5. The
jets in the forward regions (2.5 < |n| < 4.5) are forward jets. The forward jets are not

eligible for b-tagging.

6.3 Event Selection and Analysis Strategy

data taking period electron trigger muon trigger
HLT e24 lhmedium LI1EM20VH | HLT mu20 iloose L1MU15

2015 HLT e60 lhmedium HLT mu50

HLT e120_lhloose
2016 HLT e26 lhtight nod0_ivarloose
2017 HLT e60 lhmedium nod0 HLT mu26 ivarmedium
2018 HLT e140 lhloose nod0 HLT mub0

HLT e300 _etcut

Table 6.1: A list of triggers used in the analysis [50-53|. The number following the
lepton type (e or mu) is the minimum transverse momentum requirement in GeV. The
text following lh or ¢ is the isolation requirement. nod0 means that the transverse
impact parameter is not used in the electron identification. etcut means that only
information about Er is used in the trigger selection. L1EM and L1MU are the place
where the trigger is seeded and the number after this is the minimum L1 pp
requirement. H means using a transverse momentum dependent veto against the energy
deposit in the hadronic calorimeter behind the electron. V means using a transverse
momentum threshold as a function of 7.

Events for the analysis are selected based on the signature of the signal processes. The
event selection makes sure that the analysis only uses events with a good reconstruction
quality. It also increases the purity of signal events. The same event selections are
applied to both the data and the simulated events. This thesis uses event selections and
analysis strategies which are similar to the previous ATLAS VH analysis [7].

The data is collected by a combination of single-electron and single-muon triggers
shown in Table 6.1. The trigger selects events using a combination of pr thresholds

and isolation requirements. The pr thresholds used during 2016 - 2018 are higher than
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those used during 2015 because of the increased instantaneous luminosity. The object
which fires the trigger needs to match one of the reconstructed electrons or muons with

pr > 27 GeV.

The analysis only uses data collected when the detector is in good working condition.
The quality of the data is checked by experts, and analysis only uses data which is good

for physics analysis.

The analysis looks for a Z’ boson or an A boson decaying into a Z boson and an
h boson, with the Z boson decaying into two electrons or two muons and the h boson
decaying into two b-quarks. The analysis only uses events with exactly two electrons or
two muons. The Z boson candidate is reconstructed using the two charged-lepton objects.
The events are split into the resolved category and the merged category according to the
reconstruction method of the i boson. In the resolved category, the h boson candidate is
reconstructed by the two leading (in pr) b-tagged signal jets when there are at least two
b-tagged signal jets available. In the case where only one b-tagged signal jet is available,
the b-tagged signal jet and a remaining signal jet with the highest pr are selected. In
the merged category, the A boson candidate is reconstructed by one large-R jet with
exactly two track jets associated with it, and at least one of the track jets has to be
b-tagged. If the event satisfies the requirements for both resolved and merged categories,
it is assigned to the resolved category because the resolved reconstruction method has a

better signal mass resolution.

Variable ‘ Resolved Merged

. >2 signal jets >1 large-R jet
Number of jets . . .

> 2 track jets (matched to leading R = 1.0 jet)

Leading jet pr [GeV] > 45 > 250
mp, [GeV] 100-145 75-145
Leading lepton pr [GeV] > 27 > 27
Sub-leading lepton pr [GeV]| > 20 > 25
Muon charge opposite
Lepton flavour same flavour
EZiss ) /Hy [V GeV] <1.15 +8x 1072 - myp/(1 GeV)
pr.ee [GeV] > 20+ 9 /mvi/(1 GeV) — 320 when myp, > 320
mye [GeV] [max[40 GeV, 87 — 0.030 - mvn/(1 GeV)], 97+ 0.013 - my /(1 GeV)]

Table 6.2: The signal region event selection for the A/Z’ — Zh — I*1~bb search.
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The events are further selected based on the kinematics of the reconstructed objects,
which is shown in Table 6.2. The leading small-R jets are required to have pr > 45 GeV,
while the leading large-R jets are required to have pr > 250 GeV. In the merged category,
the mass of the leading large-R jets is required to be within the Standard-Model Higgs
mass windows 75 GeV < my, < 145 GeV. The requirement is tighter in the resolved
category due to its better mass resolution, where the invariant mass of the di-jet
object is required to have 100 GeV < my, < 145 GeV. The leading lepton needs
to have pr > 27 GeV in both the resolved and merged categories. The sub-leading
lepton pr is required to be greater than 20 GeV in the resolved category, while it is
required to be greater than 27 GeV in the merged category. The Z decays produce two
oppositely charged leptons with the same flavour. The muons in an event are required
to be oppositely charged. This is not applied to electrons because of the high rate of
electron-charge misidentification. The leptons in an event are required to have the same

flavour to reduce the ¢t background.

The signal events are expected to have low missing transverse energy (E%liss) because
there are no neutrinos in the final states, so a cut is applied on E%“iss /v Hr, where Hp
is the scalar pp sum of all small-R jets and leptons. The main contributions for the
missing transverse momentum of signal events are the mismeasurement of jets’ and
leptons’ pr. The variable estimates the significance of missing transverse energy since
the resolution of E%liss is proportional to Hp. A cut is also applied to the mass of the Z
candidates (my;). The two cuts suppress top-related backgrounds. The cuts are relaxed
for high-my fr events because of the low background and poor resolution of the high-mass

signals.

The pr of the Z boson candidate (pr ) is expected to increase as the signal mass

increases. A my g-dependent cut on pr 4 is applied to reduce the backgrounds.

Events are further split according to the number of b-tagged jets. The resolved events
are categorized into regions with 1 b-tagged jet, 2 b-tagged jets and 3+ b-tagged jets.
The merged events are categorized into regions with 1 b-tagged track jet without any
b-tagged track jets not associated with the large-R jet, 2 b-tagged track jets without

any b-tagged track jets not associated with the large-R jet, 1 b-tagged track jet with
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one or more b-tagged track jets not associated with the large-R jet and 2 b-tagged track
jets with one or more b-tagged track jets not associated with the large-R jet. The ggA
and Z' analysis only uses 1 and 2 b-tagged resolved events and merged events without
any additional b-tagged track jets not associated with the large-R jet. The 3+ b-tagged
resolved events and merged events with additional b-tagged track jets are important for

the bbA analysis due to the two additional b-jets in the final state.
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Figure 6.9: Event-selection acceptance x reconstruction efficiency for the ggA signals.
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Figure 6.10: Event-selection acceptance x reconstruction efficiency for the bbA signals.
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Figure 6.11: Event-selection acceptance x reconstruction efficiency for the Z’ signals.

The event-selection acceptance X reconstruction efficiency for the ggA, bbA and Z’
signals for different signal mass hypotheses are shown in Figure 6.9, Figure 6.10 and
Figure 6.11 respectively. The plots show that the resolved regions have high efficiencies
at low mass, while merged regions begin to have better efficiencies as the signal mass
increases. As can be seen from Figure 6.11, the efficiencies in the merged regions begin
to decrease after 2500 GeV. This is because the two boosted leptons get collimated and
overlap with each other, which reduces the lepton-reconstruction efficiency.

Two types of control regions are defined using events which fail the signal-region
event selections. Events failing the di-jet mass mgy, selection while still being within the
range 50 < my, < 200 GeV are assigned to the my, sideband control region which is
dominated by the Zjets and tt backgrounds. The resolved events with two leptons of
different flavours and without the missing transverse energy requirement are assigned to
the top control region, which helps to improve the modelling of the top backgrounds.

To improve the mass resolution of the signal, the four-momentum of the di-muon
system is scaled by a factor of 91.2 GeV /my; after the event selection, which addresses
the poor momentum measurement of the high-energy muons. The mass resolution is
further improved by scaling the four-momentum of the di-jet system by a factor of
125GeV /my, in the resolved signal region. This is not applied to the merged signal

region because it does not improve the sensitivity of the search.
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Figure 6.12: The signal mass resolution of the Z’ signals (left) and the bbA signals
(right) in the resolved and merged categories.

The signal mass resolution, shown in Figure 6.12, is determined by fitting a Bukin

function [108] to the distributions of

Myecon — Mtruth

, (6.1)

Mtruth

where Myecon is the reconstructed mass and Myt is the truth mass. The plots show
the resolved category has a mass resolution of 2% to 4%, while the merged category has

a mass resolution of about 5% to 6%.

6.3.1 Sub-leading Lepton pr Requirement Study

In the previous analysis [7], the minimum pp thresholds for the leading lepton and the
second-leading lepton in the resolved category were 27 GeV and 7 GeV respectively. The
loose requirement on the second-leading lepton pr was based on the assumption that
the non-prompt lepton contribution caused by the multijet background is negligible after
the event selection. The multijet background and the W+jet background are poorly
modelled and they may produce non-prompt leptons. To investigate the contribution of
non-prompt leptons in the full Run 2 dataset, the event selection described in Table 6.2
is applied while requiring two muons of the same charge. The selection will enrich the
non-prompt lepton contribution because the two main backgrounds (Z+jets and ¢t)
produce oppositely-charged prompt leptons . Figure 6.13 shows the distributions of
the second-leading lepton pr after the selection. The events are categorized into four

regions according to the number of b-tagged jets. Events with 1 or 2 b-tagged jets are
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sensitive to gluon-gluon fusion signal production, while events with 2 or more b-tagged
jets are sensitive to b-associated signal production. The plots show the processes in the
low-pr region are underestimated by the simulation, which indicates the presence of

non-prompt lepton contamination which cannot be ignored.
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Figure 6.13: The distribution of the second lepton pr with the resolved signal region cut
while requiring two muons of the same charge in the 0 b-jet (top left), 1 b-jet (top right),
2 b-jets (bottom left) and 3+ b-jets (bottom right) regions. The uncertainties on data

and MCs are statistical.

A tighter cut on second-leading lepton pr will reduce the non-prompt lepton contri-
bution but it may also affect the analysis sensitivity. The analysis sensitivity is estimated

by the discovery significance given by the formula [109]

S

o= \/22-[(Si+Bi)-ln(1+Bi)—si], (6.2)

where S; and B; are the numbers of expected signal and background events in the *?

bin. The significances of the 2HDM ggA search and the 2HDM bbA search with a mass
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hypothesis of m4=300, 700, 1000 GeV as a function of the second-leading lepton pr
are shown in Figure 6.14. The significances of m 4=700, 1000 GeV signals are stable
as the cut threshold increases. For low mass signals (m4=300 GeV), the ggA signal
significance is stable as the cut value increases up to 20 GeV. There is a less than
10% of the bbA signal significance loss in the 2 or more b-tagged jets categories as the
cut increases from 7 GeV to 20 GeV. Since there is no significant sensitivity loss, the
second-leading lepton pr cut is increased to 20 GeV to reduce the mismodelling effect
in the full Run 2 analysis. It should be noted that the normalizations of the background
distributions used in this study are from MC simulation, which generally deviates from
the normalizations determined by fits to data. However the pr cut optimisation should
be robust with respect to the normalisation of the MC, as it was designed to remove the
significant excess at low pp corresponding to the mismodelled non-prompt contribution

from W-jets and multi-jets, which persists after this is taken into account.

6.4 Systematic Uncertainty

This section describes the systematic uncertainties. Two types of systematic uncertainties
are considered in the analysis: modelling uncertainties and experimental uncertainties.
The modelling uncertainties are related to the modelling of the signal and background
processes in the simulation, while the experimental uncertainties are related to the
reconstruction and calibration of objects. The systematic uncertainties are taken into

account by the means of nuisance parameters which will be discussed in Section 6.5.

6.4.1 Modelling Uncertainty

The modelling uncertainties affect the shape and the normalization of the distributions
of kinematic variables. The modelling uncertainties arise due to the order in QCD
calculation, the parton shower, the hadronization, the parton distribution functions and
the renormalization and factorization scales.

The type of the quarks from gluon emissions has an effect on the shape and the

normalization of the kinematic-variable distributions. To help model the backgrounds,
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Figure 6.14: The discovery significance for ggA signals (left) and bbA signals (right) of
ma = 300 GeV (first row), my = 700 GeV (second row) and m4 = 1000 GeV (third
row) in the resolved signal regions as a function of the second leading lepton pr cut.
The significance has been normalized to the expected value when the cut is at 7 GeV.

the V+jets (V = Z, W) background is split into V' + (bb, be, cc), V + (bl, cl) and V + 1
components according to the truth flavour of the jets which are selected to reconstruct
the SM Higgs boson, where [ means up, down and strange quarks. For the bbA analysis,
the tt background is split into ¢t with b-jets or c-jets (¢t + HF') and tt without b-jets or

c-jets (tt + LF') according to the flavour of the quarks from gluon emissions.

The normalizations of the dominating backgrounds, tt, Z + (bb,bc,cc) and Z +

(bl,cl), are obtained from data. The normalizations of other small backgrounds are
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constrained to Standard-Model predictions with the prior normalization uncertainties
shown in Table 6.3. Uncertainties on the prior normalizations of the diboson and
Standard-Model Vh backgrounds are assigned to cover the effect on both the cross
section and event-selection acceptance [110]. An uncertainty of 50% is assigned to the
prior normalizations of the ¢tV and ttH backgrounds, which gives the fits freedom
to adjust their normalizations. A 19% uncertainty is assigned to the normalization
of the single top background to cover the effect on generator configurations [7]. The
uncertainties on prior normalizations of the W + (bb, bc, cc), W + (cl,bl), W + (1) and

Z + (1) backgrounds will be discussed later in this section.

Nuisance Parameter | Description Regions/Backgrounds Value Effect

XS_stop single top normalization single top in all regions 19%  normalization
XS_VV diboson normalization diboson in all regions 20%  normalization
XS_Whf W + (bb, be, cc) normalization W + (bb, be, cc) in all regions  30%  normalization
XS_Wclbl W + (cl, bl) normalization W + (cl,bl) in all regions 30%  normalization
Xs_wl W + (1) normalization W + 1 in all regions 19%  normalization
XS_VH125 V'h normalization V'h in all regions 32%  normalization
XS_ttV ttV normalization ttV in all regions 50%  normalization
XS_ttH ttH normalization ttH in all regions 50%  normalization
Xs_z71 Z + (1) normalization Z 4+ (1) in all regions 19%  normalization

Table 6.3: Summary of normalization nuisance parameters of small backgrounds. The
forth column shows the values of the prior uncertainties.

The shape uncertainties of the three main backgrounds (tt, Z + (bb,bc,cc) and
Z + (bl,cl)) are determined by a comparison between the nominal and alternative
samples. The shape uncertainties of other small backgrounds are ignored because their
contributions are negligible and these uncertainties have no impact on the result. The
alternative distribution is calculated by either a different MC generator or the same
generator with a different setting. During the statistical analysis, we assume that the
nuisance parameters of those shape uncertainties follow a Gaussian distribution and
the +o variation is the difference between the nominal distributions and the alternative
distributions. The normalization effect of variations can be removed by rescaling the
alternative distributions, so they have the same expected event yield as the nominal

distribution.

The uncertainties related to the PDF measurement affect the distribution of the
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kinematic variables. The analysis considers the PDF uncertainties of the ¢f and Z+jets
backgrounds. The NNPDF internal uncertainty is the standard deviation of the 100
alternative NNPDF variations. The PDF modelling uncertainty is calculated by compar-
ing the central value of the NNPDF with those of the CT14 [111] and MMHT2014 [112]
and the envelope of all alternative distributions are taken as the systematic uncertainties.
The a, uncertainty is determined by scaling the s parameter of the NNPDF by a factor

of 0.5 and 2 and the two alternative distributions are taken as +o variations.

The initial and final state radiation uncertainties of the ¢t background are calcu-
lated by varying the renormalization scales and factorization scales. The envelopes
of alternative distributions are taken as the systematic uncertainties. The effect of
varying the matrix element generator and parton shower matching on the t¢ distribution
is estimated by comparing the nominal sample to the NLO ¢t samples produced by
MADGRAPHS AMCQ@NLO 2.2.2 + PyTHIA 8.212. The effect of the parton shower and
the hadronization is estimated by comparing the nominal sample to the POwWHEGBOX
v2+HERWIG 7.04 sample with the HTUE tuning [113]. The difference between the
nominal distribution and the alternative distributions are taken as the uncertainty.
The normalization effect of all the ¢t modelling uncertainties is removed because the

normalization is determined from data.

The scale uncertainty of the Z/W+jets samples is calculated by halving/doubling
the factorization scale and the renormalization scale, and the envelope of all alternative
distributions are taken as the uncertainty. The combined effect of the parton shower,
hadronization and matching scheme on the Z/W+jets distributions is estimated by the
Z /W +jets samples produced by MADGRAPHS AMC@NLO 2.2.2 + PyTHIA 8.186. The
difference between the nominal distribution and the alternative distribution is taken as
the systematic uncertainty. The normalization effects of the Z+ (bb, be, cc) and Z +(cl, bl)
modelling uncertainties are removed because their normalizations are determined from
data. The normalization effects of the Z 4 [ and W +jets modelling uncertainties are

kept because they are constrained to the Standard-Model prediction.

The PDF uncertainties of the signals are derived by comparing the central values

of the nominal PDF with those of the CT10 [114] PDF and the MSTW2008lo [115]
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PDF. The signal uncertainties related to the parton shower are estimated by comparing
with the HERWIG 7.04 samples. Signal uncertainties are also estimated by varying the
renormalization scales and the factorization scales.

The uncertainties are symmetrized to make sure that the nominal distribution lies
symmetrically between the +o¢ variation and the —o variation. The distribution of
kinematic variables are presented by histograms. To reduce statistical fluctuation during
the uncertainty calculation, the binning of the histogram is chosen so that the statistical
uncertainty in each bin is less than 20% of the total weight in the bin. Moreover,
a Gaussian kernel smoothing [116] is applied to reduce the effect of the statistical

fluctuation.

6.4.2 Experimental Uncertainty

The potential difference between experiment and detector simulation is addressed by
experimental uncertainties. The relevant experimental uncertainties for this analysis are
listed below:

b-tagging: Scale factors accounting for the disagreement in the b-tagging efficiencies
between data and simulation are calculated separately for b-jets, c-jets and light-flavour
jets [117-119], introducing three, four and five systematic uncertainties respectively using
eigenvector decomposition of error matrices. 7 and high-pp jets cannot be calibrated by
the measurements, which introduces two extrapolation uncertainties. The number of
b-tagging-related uncertainties are doubled because two different types of jets (small-R
and large-R) are used for the reconstruct of h bosons.

Trigger: Uncertainties on the difference in scales factors which correct the trigger
efficiency between measurements made using different processes introduce one electron
trigger efficiency uncertainty [120] and one muon trigger efficiency uncertainty [121]. For
the muon trigger efficiency correction, one statistical uncertainty and one systematic
uncertainty due to sample dependence are also considered in the analysis.

Luminosity: The uncertainty on the integrated luminosity is 2.1% for the 2015-2016
dataset, 2.4% for the 2017 dataset and 2.0% for the 2019 dataset. The uncertainty on

the integrated luminosity of the full Run 2 dataset is 1.7% [122].
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Electron: Three systematic uncertainties are caused by the uncertainties on efficiency
scale factors of electron reconstruction, identification and isolation accounting for the
difference between data and simulation [120]. Two more electron systematic uncertainties

are caused by the uncertainties on the energy resolution and energy scale [120].

Muon: Scale factors for muon reconstruction, isolation and track-vertex association
efficiencies are applied to account for the difference between data and simulation [121].
Overall, there are four systematic uncertainties for the statistical and systematic uncer-
tainties of the muon reconstruction efficiency measurement in the low-p; and the high-pp
region, two systematic uncertainties for the statistical and systematic uncertainties of
the track-vertex association efficiency measurement, and one for the isolation efficiency
measurement. The detector energy resolution also contributes to the muon systematic

uncertainties, which introduces four more systematic uncertainties related to muons.

Large-R jet: Five jet energy scale uncertainties related to the difference in jet pr
to track-jet pr ratio between data and simulation, track measurement uncertainties, the
difference between Pythia and Sherpa samples, statistical uncertainty and difference
between the TCC jet and calo-jet pr, and one jet energy resolution uncertainty are used
in the analysis [123, 124].

Small-R jet: Thirty jet energy scale uncertainties related to in situ analysis which
calculates the difference between data and simulation in different kinematic phase space,
7 intercalibration, pileup, flavour response and composition, punch through, high-pr
jet behaviours and b-jets response, eight jet energy resolution uncertainties and one jet

vertex tagging uncertainty are used in the analysis [125, 126].

Missing Transverse Momentum: The missing transverse momentum is calculated
using the reconstructed objects [127, 128]. As a result, all systematic uncertainties
related to the reconstructed objects contribute to the missing transverse momentum
systematic uncertainties. In addition, the longitudinal resolution, transverse resolution
and energy scale of soft terms (unassociated tracks) introduce three systematic uncer-
tainties. Furthermore, one additional systematic uncertainty is related to the energy

scale of tracks in jets [129, 130].

All nuisance parameters related to experimental uncertainties are listed in Table 6.4
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and Table 6.5.

Nuisance Parameter

Description

Event

luminosity
PRW_DATASF

uncertainty on integrated luminosity

uncertainty on pileup reweighting

Track jet b-tagging

FT_EFF_Eigen_Light_0-4_AntiKtVR30Rmax4RminO2TrackJets
FT_EFF_Eigen_B_0-2_AntiKtVR30Rmax4RminO2TrackJets
FT_EFF_Eigen_C_0-3_AntiKtVR30Rmax4RminO2TrackJets
FT_EFF_extrapolation_AntiKtVR30Rmax4RminO2TrackJets
FT_EFF_extrapolation_from_charm_AntiKtVR30Rmax4RminO2TrackJets

b-tagging efficiency uncertainties of light jets
b-tagging efficiency uncertainties of b-jets
b-tagging efficiency uncertainties of c-jets
b-tagging efficiency uncertainties of high-pr jets

b-tagging efficiency uncertainties of 7 jets

Small-R jet b-tagging

FT_EFF_Eigen_Light_0-4_AntiKt4EMTopoJets
FT_EFF_Eigen_B_0-2_AntiKt4EMTopoJets
FT_EFF_Eigen_C_0-3_AntiKt4EMTopoJets
FT_EFF_extrapolation_AntiKt4EMTopolJets
FT_EFF_extrapolation_from_charm_AntiKt4EMTopoJets

b-tagging efficiency uncertainties of light jets
b-tagging efficiency uncertainties of b-jets
b-tagging efficiency uncertainties of c-jets
b-tagging efficiency uncertainties of high-pp jets
b-tagging efficiency uncertainties of 7 jets

Electron
EG_SCALE_ALL energy scale uncertainty
EG_RESOLUTION_ALL energy resolution uncertainty
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR isolation efficiency uncertainty
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR reconstruction efficiency uncertainty
EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR trigger efficiency uncertainty
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR ID efficiency uncertainty

Muon

MUON_MS energy resolution uncertainty of muon system
MUON_ID energy resolution uncertainty of inner detector
MUON_SCALE energy scale uncertainty

MUON_SAGITTA_RESBIAS
MUON_SAGITTA_RHO
MUON_EFF_TTVA_SYS
MUON_EFF_TTVA_STAT
MUON_EFF_ISO_SYS
MUON_EFF_ISO_STAT
MUON_EFF_RECO_SYS_LOWPT
MUON_EFF_RECO_STAT_LOWPT
MUON_EFF_REC0_SYS
MUON_EFF_RECO_STAT
MUON_EFF_TrigSystUncertainty
MUON_EFF_TrigStatUncertainty

charge-dependent energy scale uncertainty
charge-dependent energy scale uncertainty
track-to-vertex association efficiency uncertainty
track-to-vertex association efficiency uncertainty
isolation efficiency uncertainty

isolation efficiency uncertainty

low-pp reconstruction and ID efficiency uncertainty

low-pp reconstruction and ID efficiency uncertainty

reconstruction and ID efficiency uncertainty
reconstruction and ID efficiency uncertainty
trigger efficiency uncertainty
trigger efficiency uncertainty

Table 6.4: Summary of nuisance parameters of experimental uncertainties for events,

track jets b-tagging, small-R jets b-tagging, electrons and muons.
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Nuisance Parameter

Description

Missing transverse energy

MET_SoftTrk_Scale
MET_JetTrk_Scale
MET_SoftTrk_ResoPerp
MET_SoftTrk_ResoPara

track-based soft term scale uncertainty
scale uncertainty of track in jet
track-based soft term transverse resolution uncertainty

track-based soft term longitudinal resolution uncertainty

METTrigTop sample-dependence uncertainty on pileup reweighting

METTrigStat trigger efficiency uncertainty due to statistics
Large-R jet

FATJET_JER energy resolution uncertainty

FATJET _Medium_JET_Rtrk_Modelling_ pT
FATJET _Medium_JET_Rtrk_TotalStat_pT
FATJET _Medium_JET_Rtrk_Tracking_pT
FATJET Medium_JET_Rtrk_Baseline_pT
FATJET _Medium_JET_Rtrk_Closure_pT

Pr scale uncertainty due to Pythia/Sherpa difference
Pr scale uncertainty due to statistics

Pr scale uncertainty due to track measurement

Pr scale uncertainty due to data/simulation difference

Pr scale uncertainty due to TCC/calo jets difference

Small-R jet

JET_JvtEfficiency
JET_CR_JET_JER_EffectiveNP_1-7(restTerm)
JET_CR_JET_JER_DataVsMC
JET_CR_JET_BJES_Response
JET_CR_JET_SingleParticle_HighPt
JET_CR_JET_PunchThrough_MC16
JET_CR_JET_Pileup_RhoTopology
JET_CR_JET_Pileup_PtTerm
JET_CR_JET_Pileup_OffsetNPV
JET_CR_JET_Pileup_OffsetMu
JET_CR_JET_Flavor_Response
JET_CR_JET_Flavor_Composition
JET_CR_JET_Etalntercalibration_TotalStat
JET_CR_JET_Etalntercalibration_NonClosure_posEta
JET_CR_JET_Etalntercalibration_NonClosure_negEta
JET_CR_JET_Etalntercalibration_NonClosure_highE
JET_CR_JET_Etalntercalibration_Modelling
JET_CR_JET_EffectiveNP_Statisticall-6
JET_CR_JET_EffectiveNP_Modellingl-4
JET_CR_JET_EffectiveNP_Mixed1-3
JET_CR_JET_EffectiveNP_Detectorl-2

vertex tagging efficiency uncertainty

energy resolution uncertainties

energy resolution uncertainty

energy scale uncertainty for b-jets response

energy scale uncertainty for high-pr jets

energy scale uncertainty for punch through jets
energy scale uncertainty due to pileup

energy scale uncertainty due to pileup

energy scale uncertainty due to pileup

energy scale uncertainty due to pileup

energy scale uncertainty related to flavour response
energy scale uncertainty related to flavour composition
energy scale uncertainty of 7 intercalibration
energy scale uncertainty of 7 intercalibration
energy scale uncertainty of 7 intercalibration
energy scale uncertainty of 7 intercalibration
energy scale uncertainty of 7 intercalibration
energy scale uncertainties of in situ analysis

energy scale uncertainties of in situ analysis

energy scale uncertainties of in situ analysis

energy scale uncertainties of in situ analysis

Table 6.5: Summary of nuisance parameters of experimental uncertainties for missing

transverse energy and jets.
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6.5 Background Modelling and Statistical Analysis

The analysis fits simulated distributions of kinematic variables to data for signal ex-
traction and limit setting. The fit is performed using distributions of the reconstructed
invariant mass of the VH object (myy). In order to improve the data/simulation agree-
ment, a data-driven method is developed to improve the modelling of the backgrounds
by reweighting the simulated events.

This section will first introduce the statistical method of the fit. It will then discuss
the reweighting of the MC events. The fit models and the results of the signal searches

will be discussed afterwards.

6.5.1 Statistical Method

This section describes the statistical methods for signal extraction and limit setting.
In the ggA, bbA and Z’ searches, the possible existence of new physics will not have
significant interference effects with the Standard-Model background processes, so the
expected number of events n; in the " bin of a histogram for a distribution can be
written as

Elni] = biotal_i + psi, (6.3)

where s; and biotal ; are the expected number of signal events and total background
events in the 7" bin [131]. The expected number of signal events is scaled by a variable
called signal strength p. p equals zero in the background-only hypothesis. btotal i can

be written as a sum of expected numbers of events from different background processes:
brotal i = 3 _ bijs (6.4)
J

where b;; is the expected number of events from the 4t background process in the "
bin [131].

The statistical and systematic uncertainties also need to be taken into account
when estimating the number of signal and background events in a bin. The effect

of uncertainties is incorporated in the statistical analysis by the means of nuisance
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parameters [132]. The nuisance parameter may shift the number of events from the
nominal distribution. The estimated value of a nuisance parameter is not of interest in

the search, but it may affect the result.

The expected numbers of signal and background events are estimated using a
binned maximum-likelihood fit [133]. The likelihood of a possible simulated signal-
plus-background distribution given a certain data distribution can be calculated by the

product of Poisson probabilities:

Nbins

LPoisson(,u; a, T, _») = H PO[L’SSO”(N”,U/Si(O_Z) + btotalii(&a T, ’7))a (65)
=0

where @, 7 and 7 are vectors of three different types of nuisance parameters, np;,s is the

total number of bins and N; is the number of data entries in the " bin.

Prior knowledge about nuisance parameters helps to constrain the fit if it is also
included in the likelihood function. The systematic uncertainties with prior knowledge,
such as the normalization uncertainties and shape uncertainties, are controlled by
nuisance parameters in vector &. A nuisance parameter with a value of +q; varies its
corresponding uncertainty i up/down by «;o, where o is the prior uncertainty. These
nuisance parameters follow the standard normal distribution, so the likelihood function

which constrains & is

L Aipha(d) = HGauss(ai\O, 1), (6.6)
i=0

where n,, us the total number of nuisance parameters in &.

The statistical uncertainty on the total background in each bin oy, is controlled by
the nuisance parameters in vector 4. A nuisance parameter which controls the statistical
fluctuation of the #*” bin with a value of v; varies the bin height by (v — 1)o3;. The
nuisance parameters follow a Gamma distribution, so the likelihood function which

constrains ¥ is
Nbins
Léamma(7) = [ Gamma(vil(0vi/biota_i)> i — 1). (6.7)

1=0

The nuisance parameters in vector 7 are unconstrained and they are allowed to float
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freely during the fit. The value of these nuisance parameters are decided by the data
completely, so there is no likelihood function which constrains them.
The total likelihood function is the product of the three likelihood functions described

above:

—

L(/J, ) = LPoisson(Mv O_Z, 7_", _’)LAlpha(O_Z)LGamma(’?)a (68)

where 6 is a vector containing all nuisance parameters.

A fit to data maximizes the likelihood function by varying both the signal strength
and the nuisance parameters. L(fi, ) denotes a maximized likelihood function, where /i
and 6 are the signal strength and the nuisance parameter which maximize the likelihood
function respectively. Since the maximum likelihood estimators of nuisance parameters
are not of interest, a profile likelihood fit which maximizes the likelihood function by
varying only the nuisance parameters at a fixed signal strength is used in the analysis. The
signal strength is the parameter of interest in the profile likelihood fit. The maximized

likelihood function at the signal strength u is L(u, 6), where 0 is the maximum likelihood

estimator of the nuisance parameters for a given value of y .

A statistic [131] which increases as the incompatibility between the data and the

signal strength increases is defined by

t, = —2InA(p), (6.9)
where A(p) is )
_ L(p,b)

Ap) = T (6.10)

The statistic ¢, approaches a chi-square distribution [132], which simplifies the computa-
tion. In the signal search, we assume that the signal strength should always be positive,

so the analysis uses an alternative definition which is given by

o1 L(b) X
B 21n7L(;1,13) 0< 4,
= A (6.11)

omled) g5 g
L(0,b)

To test if the distribution of data is compatible with the Standard-Model prediction or not,
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the background-only hypothesis is tested against a signal-plus-background hypothesis
using the statistic ¢,,. The level of incompatibility between data and a hypothesis with

signal strength p is described by the p-value

o = | T ftalu)dty, (6.12)

tu,obs

where t,, o5 is the statistic ¢, determined by the data and f(t,|u) is the conditional
probability density function of ¢, under the condition that the signal strength is p. The
p-value gives the level of incompatibility with the background-only hypothesis when

w=0.

The significance of a signal Z can be determined by testing the data against the
background-only hypothesis. The signal significance Z can be defined by the number
of standard deviations of a point away from the zero point in the standard normal

distribution. The relationship between the p-value and the signal significance is
p=1-o(Z), (6.13)

where ® is the cumulative distribution function of the standard normal distribution.

Discovery of a signal can be claimed when the significance excesses 5.

The search can set an upper limit on the signal strength in the case of no discovery.
The 95% upper limit of the signal strength can be defined by the value of u when the
p-value p(p) is 5%. However, the method may reject a signal if the probability density
function of the background-only hypothesis is similar to that of the background-plus-
signal hypothesis, hence the limit is determined by an alternative statistic C'Ls [134]

which is defined as

_ p(w)
CL, = =0 (6.14)

The 95% upper limit is the signal strength when C'Lg = 5%. The value of the signal

strength is determined by solving the equation numerically.

The post-fit values and uncertainties of nuisance parameters can help to understand

the fit. The Cramér-Rao bound [135, 136] suggests that the covariance matrix of unbiased
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estimators is the reverse of the Fisher information matrix. In the analysis, we assume

that the bias is small, so the covariance matrix of the parameters for the fit is

0%InL
0:,0;) = (=52 )" 6.15
COV( ? J) ( 89180‘7 0:) ( )
The pull of a constrained nuisance parameter is
00
pull = , (6.16)
g

where 0 is the prior value of the constrained nuisance parameter and oy is its prior
uncertainty. All prior values are zero in the analysis. The pull of an unconstrained
nuisance parameter cannot be calculated because it does not have a prior uncertainty.

The expected limit of the search can be determined by replacing the observed data
with an Asimov dataset which follows the same distribution as the simulation in a binned
profile likelihood fit. All nuisance parameters are expected to have zero pulls in an
Asimov fit. The Asimov fit estimates the sensitivity of a search. It also allows the study

of possible correlations between nuisance parameters.

6.5.2 Background Simulation Reweighting

The dominating background in the analysis is the Z-+jets process. However, the Z+jets
background is poorly modelled by simulation, and disagreement between the data and
the simulation have been observed in the my, sideband control regions. A data-driven

method was developed to improve the modelling of the Z-jets background.

The reweighting of the Z+jets background in resolved regions

A slope in the data-to-MC ratio of the pr distributions was found in the my;, sideband
control regions. The main backgrounds in these regions are the Z+jets background
and the tt background. The slope is not observed in the top control region, which
indicates the mismodelling is related to the Z+jets background. The slope is corrected
by reweighting the Z+jets background, where the reweighting function is determined

using the p?B distributions in the my, sideband control regions. To determine the
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reweighting function, each constituent of the background is rescaled first using the
normalization factors obtained from a fit to data in the my, sideband regions and the
top control region using the my g distributions. The normalization factors are given
in Table 6.6. The fit does not consider any experimental or theory uncertainties which
affect the shape of the distributions. The distributions after the rescaling are shown in
Figure 6.15. After the rescaling, the reweighting functions are determined by fits to data
subtracting all backgrounds except Z-+jets, which is shown in Figure 6.16. It should
be noted that the Z+jets theory uncertainties are not shown on the figures and could
account for some of the observed mis-modelling, leading to correlations between these

uncertainties and this correction.

t, tt Z+(bliell)  Z+(bb,be,cc) \AY SM Higgs

1.017 £0.006 1.143£0.005 1.286+0.013 0.770£0.169 0.790 £ 0.277

Table 6.6: Normalization factors applied to determine the reweighting function. The
factors are determined from a myy fit in the 1 and 2 b-tagged resolved and merged
sideband control regions and the 1+2 b-tagged resolved top control with normalization
nuisance parameters only. The uncertainties on the normalization factors are statistical

only.
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Figure 6.15: Distributions of p2B in the 1 b-tagged (left) and 2 b-tagged (right) resolved
myp sideband control regions after applying the normalization factors. The uncertainties
on the simulated distributions are statistical only. The theory uncertainties of the
Z+jets background modelling are not included, but they could account for some of the
difference between data and simulation.
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Figure 6.16: Reweighting functions for the Z+jets background in 1 b-tagged (left) and 2
b-tagged (right) resolved regions.

The reweighting functions are determined for 1 b-tagged events and 2 b-tagged events

separately. The function in the 1 b-tagged region is

,

Do P?B <p1,

w=9p2x L —p1) +po p < pPEP < ps, (6.17)

p2 X (p3 —p1) + po other,

where pg, p1, p2 and p3 are free parameters in the fit. The function in the 2 b-tagged
region is

po+p1 x pp? pEP < ps,

w = (6.18)

3 other,
where pg, p1, p2 and ps are free parameters in the fit. The fits use piecewise functions
where the intervals are also determined by the fits. The functional form helps to account
for the distinct mismodelling trends observed in the different pr regions of phase space
and prevents unrealistic extrapolations at high p?B. The parameters determined by
the fit are shown in Table 6.7 and the distributions of the p%B after the reweighting
are shown in Figure 6.17. The plots show that the reweighting improves the agreement

between data and simulation.

The reweighting function is determined in the my, sideband control region with

50 GeV < my, < 100GeV or 145GeV < my, < 200 GeV, but it will be applied to

the signal regions with 100 GeV < my, < 145 GeV. To check the my, dependence of
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1 b-tagged 2 b-tagged
Do 1.070 £ 0.007 1.034 4 0.017
p1 32.00 £ 0.19 —(4.546 £ 1.538) x 1074
p2  —(1.011 £0.093) x 1073 286.8 +10.8
P3 171.3 4 12.463 (6.662 £ 0.730) x 101

Table 6.7: Parameters of the reweighting functions for the resolved events.
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Figure 6.17: Distributions of pB5 the 1 b-tagged (left) and 2 b-tagged (right) myy,
sideband control regions after applying the normalization factors and the reweighting.
The uncertainties on the simulated distributions are statistical only.

the reweighting, the reweighting functions are determined in the low-my;, sideband
control region and high-my, sideband control region separately. Figure 6.19 shows
the distributions in the high-my; sideband control region before and after applying
reweighting determined in the low-my, sideband control region. Figure 6.18 shows the
distributions in the low-mgy, sideband control region before and after applying reweighting
determined in the high-my, sideband control region. As can be seen from the plots,
the slopes on the p?B distributions are corrected and the x? shows that the data/MC
agreement is improved after applying reweighting functions determined using orthogonal
events. However, the reweighting functions determined from the low-my;, and high-mgy,
sideband control regions are found to be different. To address the my, dependence of the
reweighting, the distributions before the reweighting are used as systematic uncertainties,

which allows the fit to determine the amount of slope correction needed.

The background distribution of the 3+ b-tagged merged my, region is shown in
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Figure 6.18: Distributions of p2Z in the 1 b-tagged (top) and 2 b-tagged (bottom)
low-my;, sideband control region before (left) and after (right) applying the reweighting
determined using events in the high-my;, sideband control regions. The uncertainties on
the simulated distributions are statistical only.

Figure 6.20. The plot shows good data/MC agreement, and no reweighting is applied.

The reweighting of backgrounds in the merged regions

The reweighting is also applied to all background events in the 1 b-tagged merged region.
The distribution of the transverse momentum of leading large-R jets (p%”) in the 1
b-tagged myy sideband control region is shown in Figure 6.21. It is clear that the slope
in the resolved regions is related to the Z+jets background since the top control region
has good data/MC agreement. As a result, the reweighting is only applied to the
Z+jets background in the resolved regions. However, the reweighting and associated

uncertainties are applied to all background events in the merged region because the
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Figure 6.19: Distributions of p25 in the 1 b-tagged (top) and 2 b-tagged (bottom)
high-myy, sideband control region before (left) and after (right) applying the reweighting
determined using events in the low-my, sideband control regions. The uncertainties on
the simulated distributions are statistical only.

cause of the mismodelling is less clear. The mismodelling is corrected by reweighting the
pg’;‘] distribution, where the reweighting function is determined by fitting the distribution
to data. Before the fit, the scale factors of each background process determined from a
fit using the distributions of my g, shown in Table 6.8, are applied.

The reweighting function, shown in Figure 6.22, is w = pg + p1 X p?‘] + pg X (pg‘])2,
where pg = 1.219 +0.211, p; = —(8.180 4 8.953) x 10~* and py = —(3.548 £ 8.219) x
1077, The pg" and myp distributions before and after the reweighting are shown in
Figure 6.21 and Figure 6.23, and the plots show the reweighting improves the modelling

of backgrounds. The difference between the reweighed distribution and the original

distribution is used as a systematic uncertainty during the fit. The reweighting is not
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Figure 6.20: The distribution of p?B in the 3+ b-tagged my, sideband control region
after applying the normalization factors obtained from a fit. The normalization factors
are: 1.301 for Z-+jets, 1.316 for ¢t + HF and 0.904 for ¢t + LF. The uncertainties on
the simulated distributions are statistical only.

applied to the 2 b-tagged merged regions because of the large statistical uncertainties.
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Figure 6.21: Distributions of p?J in the 1 b-tagged my, sideband control region before
(left) and after (right) the reweighting. The uncertainties on the simulated distributions
are statistical only.

t, tt Z+(bl,clll)  Z4(bb,be,cc) \AY SM Higgs

1.016 £ 0.177 0.968 £0.043 1.191£0.108 0.770£0.169 0.790 £ 0.277

Table 6.8: Normalization factors for the backgrounds in the merged regions. The factors
are determined from a my g fit in the 1 and 2 b-tagged resolved and merged sideband
control regions and the resolved top control. The uncertainties on the normalization
factors are statistical only.
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Figure 6.22: The reweighting function for events in the 1 b-tagged merged region.
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Figure 6.23: Distributions of the my g in the 1 b-tagged myy sideband control region
before (left) and after (right) the reweighting. The uncertainties on the simulated
distributions are statistical only.

6.5.3 Statistical Analysis

The analysis searches for three different types of signals. The ggA and the Z’ searches
share the same fit model because they have the same final states. A dedicated fit model
is used for the bbA fit to model the additional b-jets in the final state. Before searching
for resonance in the signal regions, the modelling of the background is first validated

using events in the control regions.

The ggA and 7’ fits

To extract the ggA and the Z’ signals, the my g distributions of the simulated events

are fitted to data in a binned profile likelihood fit as described in Section 6.5.1. The



120 Chapter 6. Search for a Heavy Resonance in the [/bb Final State

parameter of interest is the normalization factor of the ggA or Z’ signal distributions
(signal strength), while the normalization factors of background distributions and the
uncertainties on the background shapes are controlled by nuisance parameters. A mass

range of 220 GeV to 5 TeV is probed in the search.

The 1 or 2 b-tagged resolved signal regions and the 1 or 2 b-tagged merged signal
regions without additional b-tagged track jets not associated with the large-R jets are
sensitive to the ggA and Z’ signals, so those regions are used in the fit. In addition to
the signal regions, the 1 or 2 b-tagged resolved top control regions are also included in
the fit to constrain the ¢t background. To reduce the sensitivity to b-tagging-related

uncertainties, the 1 and 2 b-tagged top control regions are combined.

Nuisance Parameter Description Regions/Backgrounds Value Effect

norm_Zhf Z-+(bb,bc,cc) normalization  Z+(bb,bc,cc) in all regions Float normalization
norm_Zclbl Z-+(bl,cl) normalization Z+(cL,bl) in all regions Float normalization
norm_top_L2 top normalization tt, single top, ttV, ttZ in all regions Float normalization
Zhf_MerResRatio merged / resolved ratio Z+(bb,be,ce) in all merged regions 19%  normalization
Zclbl_MerResRatio merged / resolved ratio Z+(cl, bl) in all merged regions 28%  normalization
Z1_MerResRatio merged / resolved ratio Z+(1) in all merged regions 23%  normalization
top_MerResRatio_L2 merged / resolved ratio top in all merged regions 18%  normalization
ttbar_topemuRatio_L2 | SR / topcr ratio top in all resolved signal regions 1.2%  normalization
Whf_MerResRatio merged / resolved ratio W+(bb,bec,cc) in all merged regions  14%  normalization
Wclbl_MerResRatio merged / resolved ratio W(cl, bl) in all merged regions 19%  normalization
W1l_MerResRatio merged / resolved ratio W(1) in all merged regions 17%  normalization

Table 6.9: A summary of the normalization nuisance parameters in the ggA and Z’ fit
related to the Z+jets, W+jets and top backgrounds. The forth column shows the values
of the prior uncertainties.

The normalizations of the largest backgrounds, Z+jets, are determined by data. The
overall normalization factor of the Z+(bb,bc,cc) component and that of the Z+(bl,cl)
component are allowed to float freely in the fit because there is enough data to constrain
the normalization factors. The normalization of the Z+41 component is constrained to
its Standard-Model prediction. To address the mismodelling of the event acceptance
difference between regions, resolved-to-merged normalization factors are applied in the
merged regions. These normalization factors have a prior value of one, and their prior
uncertainties are calculated by comparing the nominal samples with the alternative

samples described in Section 6.4.1. The uncertainty on the acceptance ratio between
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region A and region B is

TLthi pRom
M altt  pbom
— B 2
o= |2, (6.19)

where ni“,ltl is the number of events of the alternative sample 7 in region A, n%w is the

number of events of the alternative sample ¢ in region B, n}®™ is the number of events

of the nominal sample in region A, n’™ is the number of events of the nominal sample
in region B, M is the number of alternative samples. A list of normalization factors

related to the Z+jets backgrounds and their prior uncertainties is shown in Table 6.9.

The overall normalization factor for the ¢t background is a nuisance parameter which
floats freely during the fit. Similar to the treatment for the Z+jets background, a
resolved-to-merged normalization factor is applied in the merged regions to address
the mismodelling of the event acceptance difference between the resolved and merged
regions. Since a dedicated top control region is used to model the ¢ background, another
normalization factor is applied to the signal regions to address the mismodelling of
the event acceptance difference between the signal regions and the top control region.
All normalization factors related to the ¢t background and their prior uncertainties are

shown in Table 6.9.

The normalizations of other backgrounds are determined by the fit using constrained
nuisance parameters whose prior uncertainties are shown in Table 6.3. A global normal-
ization nuisance parameter accounting for the luminosity uncertainty is applied to both

the signal and the background distributions in all regions.

Like the treatment for the Z-+jets and ¢t backgrounds, resolved-to-merged normal-
ization factors (shown in Table 6.9) are also applied to the single top background and
the W+jets background. Those scale factors have trivial effects in the analysis because
the single top and the W-+jets are small backgrounds in the 2-lepton channel. However,
the normalization factors are still used in the fit for the combination with the 0-lepton

channel where the Z boson decays into two neutrinos.

The bin width of the histograms used in the fit also has an effect on the result. The

current analysis follows the same binning strategy as the previous analysis [7]. The
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signal-region bins are required to be wider than the mass resolution of the reconstructed
signal. In addition to the mass resolution requirement, the statistical uncertainty of
the simulation in each bin must be less than 20% of the total number of events of the
simulated background distributions. In the top control regions, the bin width is fixed at
250 GeV. Since the distribution in the top control regions are not of interest, wider bins
are used to reduce the fit’s sensitivity to the shape of the distributions, and studies show
that additional constraints from control regions do not significantly improve the limits.

Before the signal-region fit, the fit model was validated using events which are
orthogonal to the signal regions. The study follows a similar analysis strategy as
described above, while the signal region is replaced by the mg, sideband control regions.
The distributions of my g after the fit are shown in Figure 6.24. The plots show good
agreement between data and simulation.

After the study in the myy, sideband control regions, the fit was performed using the
my g distribution in the signal regions. The pulls of nuisance parameters from the Asimov
fit and the fit using data are shown in Figure 6.25. Overall, the nuisance parameters
behave as expected in the fit because all pulls are within -1 to 1, and both the Asimov
fit and the fit to data provide a similar constraint on nuisance parameters. The small
uncertainties on the pulls of norm_Zc1bl, norm_zhl and norm_top_L2 show that the data
provides a strong constraint on the normalizations of the Z + (bl, cl), Z + (bb, be, cc) and
tt backgrounds. The fit suggests that the simulation provides a good estimation for the
normalization of the ¢f background, while the normalizations of the Z+jets backgrounds
are underestimated. RW_Zjets_PThReweight1T and RW_Zjets_PThReweight2T are the
nuisance parameter for the p?B reweighting in the 1-tagged and 2-tagged resolved regions.
The small pulls suggest that the reweighting improved the my g distributions in the
signal regions since the fit did not reverse the reweighting.

The distributions of the my g after the fit in the signal regions and the top control
region are shown in Figure 6.26. The data agrees with the Standard-Model prediction.

A mild excess of data is observed at around 700 GeV in the resolved regions.
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Figure 6.24: Post-fit distributions of the my g in the 1 b-tagged resolved my,, sideband
control region (top left), 2 b-tagged resolved myy, sideband control region (top right), 1
b-tagged merged my, sideband control region with no additional b-tagged track jets

(middle left), 2 b-tagged merged myy, sideband control region with no additional
b-tagged track jets (middle right) and 1+2 b-tagged resolved top control region (bottom)

in the ggA /7’ fit.



Chapter 6. Search for a Heavy Resonance in the [lbb Final State

124

|
ov/(°g — )

'S dN2ARPay3 w3l 13 ¥D 13f

[ ¥ dN2ARDau3 w3l 13 ¥d 13f

[ € dNoAPay3 W3l 13 WD 13(

[ 2 dN2Anday3 wal 13 ¥d 13f

[ T dN2ARDay3 w3l 13 ¥d 13f

[ 9TOW DWsAeled y3( 13y 13(

[ @suodsay Jone|d 13 YD 13f

[ uoisodwo) 1oAe|4 13 YD 131

[ 3e3S|e30L uoneIqijedR3ule3d 13y L3l

[ Bunispo”uoneiqijeasaiulerz 13 ¥ 13(

[ zieonsnels dNaAndau3 13 WD 13l

[ €bulPPON dNaARdaN3 13 WD 13l

[ T6ulPPOIW"dNaARaY3 13 WD L3l

[ ZPaXIN_dNaAaY3 13 WD 13l

[ TPOXIW dNaAaY3 13 WD 13l

[ @suodsay s3fa 13 wd 13l

F S19[30RILZOUIWY PXeWYOEYAINAUY Wieyd woly uonejodenxa 443 14
I s1afodol W3 paNPUY Wwieyd wouy uonejodesxa 443 14

[ S122RILZOUILY PXRWYOEYAINAUY Uolejodenxa 443 14

[ S19P2RILZOUILIYPXRWYOEYAINNUY € Y611 UBIT 443 14

[ s12fodoLW3pAuY € BT UabI3 443714

[ S192RLZOUIWLYPXBWYOEYANAUY ¢ JYBIT UabI3 443 14

[ s12fodoLW3panuy 2 6T uabia 443 14

[ S12[12RLZOUIWLY P XBWYOEYAINUY T 1Y
[ s12fodoLW3painuy T b7 uabia 443 14

[ S12[2RLZOUIWLYXRWYOEYAIAUY 0 3YBIT UabI3 443714
[ s12fodoLW3panuy 0 b7 uabi3 443 14

[ S12PDRILZOUILYPXRWYOEYAINUY € D UaBI 443714

[ s19fodoLW3pINNUY € D Uab13 443 1d

[ S12PPRILZOUIWLYPXRWYOEYADINUY Z O USBI3 443714

s19(0doLNIpINIUY 7 D USBIT 443 14
[ S12PRILZOUIWLYPXRWYOEYADIAUY T O USB13 443714

s19(0doLNIPINIUY T D USbIF 443 14

[ S19PPRILZOUIWLYYXRWYOEYADIAUY 0 O USBI3 443714

s19(0doLNIPINAUY 0 D USBIT 443 14

[ S1I9P2RILZOUILIYPXRWYOEYANNUY ¢ g UdB13 443 14

[ s1ofodoLW3panuy z g uabia 443 14

[ S19PRILZOUILYYXRWHOEYANAUY T 8 USBIT 443 14
[ s19fodoLnapINAuY T g uabi3 443 14

[ S122RLZOUILYPXBWYOEYAINUY 0 8 UabI3 443714
I s12fodoLW3pinuy 0 g uabia 343 14

[ Ld Bunjoel >y 13 wnipa 13(Lv4

[ Ld™Buliiapo >3y 13 winipa L3 (1v4

[ Ld"2unso|> >y 13l wnipa ™ 13(Lv4

[ Ld aunaseg i1y 13 wnipa 13 (1v4

R REIZ]

REIFEIZ]

[ 4OONN"SNd ¥ODdNT TVLOL 093y 44313
[ YOONNSM1d ¥OJdNT 1VLOL Al 443 13

F 11V 31v0s 93

[ 11¥ NOILLN10S3Y 93

I 2€4VAINNLSd18d

[ Z4¥AINNLSd18a

[ TYVAINNLSd18d

I powsdiaa

[ Powdadiaa

+ Ajisoutwn

| uab13 443714

ov/(°g —g)

> B8 60 [ 2 cor iou
o 2 EBBINS pi
3 = kBezen [ amsdor™
S @ Begzang + ~4|o:m¢:Ewnou|‘_mnﬁ
53 08¢ [ 21 oneusauoidon
+ + g zomg [
8860 % 988 [
T8 [
8887 0000 [
£660 7 268- [
£860 ¥ 280 [
8160 7 8880 [
sas8 0000 [m s
£3589 8888 [ s 5%
1559 0808 [ 5
{5233 99 [ A S
<0 % 00 [ SZTHA SX
£ G [ oreumon o
R [ oo o
T wsvrpedin
380 %0000 F Alupadeyspopnsdieqn
9659 % 0008, F Alupadeyspopn4adeqn
T893 0000  Alupadeyspowydiewteqn
0588 % 0004 [ 12303 AjJupadeys4adNNIuLedR
760 0000 F Alupadeyspopnysiieqn
4E97 0008 F Alupadeyspowys4ieqn
§959 9030 t Alupadeysalessyiz
18697 0008 [ Aluoadeyspowiad41z
H5r0% dioe [ Alupadeysposdam41z
£608 % 8984, I 12303 Ajuoadeys3iadNNIvIdTZ
0597 0008 F AlupadeysalessyTHz
R [ Aluoadeyspow4ad4THzZ
it [ AlupadeyspoNsdImw41HZ
fe8 % 0888 [ 12303 AJu02deySIadNNIUISTHZ
60593 000 F AlupadeysalessiHz
Siza o [ Alupadeyspow3ad4Hz
1639% 9990 F AlupadeyspowSdanw4Hz
2508 % 008 [ 12303 AjJu02deySIadNNIUIFHZ
SErQ % g00g F 1zaybromayyld 19z My
B9EQ T 0000 F LTIyB1Iamayy1d s19lZ My
709 % 000 [ LT3ublomay(4d pabian™ my
9559 % 0000 [ 4SVIVA Mud
£850% 0080 [ 37v2S NoNW
£68°0 % 0000 [ SVISS3Y VLLIOVS NONW
R [ SW Nonk
£9693 g [ 9rnonw
£650 % 000 F AurensounisAs6uL 443 NONW
£608 % 8084 [ Auren@ounieasbiul 443 NONW
£650% 9900 [ SAS"0D34 443 NONW
5505 0% [ s s 1aw
£680 % qoge- F AduaiyaAl 13l
£580 % 9000 [ ABojodoroyy™dnajid 13 ¥D 13
£850 % 0900 [ wiatad dnapd 13 wD13f
1558 20088 F AdN39spO dnajid 139D 13l
£66°9 % 008 [ NWIesyo dnajid 13y 13(
S50 % 008 [ wial3sal/ dNeARdaY3 YAl 13D 13l
+ o N +H o m

and the Asimov

Pull plots for the 2-lepton ggA /7’ fits to the data (black)

Figure 6.25

dataset (red)



6.5. Background Modelling and Statistical Analysis 125

> T T T T T T T T T T T T > 7 T T T T T T T T T T T T
8 ¢ data 8 10
5 V5 =13 TeV, 139 o™ ++0.5 TeV A (i = 10) 5 10°= =13Tev, 139"
E SR 2-lep. I Z+(bl.cl,]) ‘QEJ 10 SR 2-ep. W Z+(bl,cll)
LI>J 1 b-tag, resolved -IZO+p(bb,bc,cc) Li 2 b-tags, resolved L i:ébb,bc,cc)
W W+(bl.cll) W+l cl,l)
Il W+(bb,bc,cc) Il W+(bb,bc,cc)
0 other [ other
{1 uncertainty uncertainty
o 1l4g o Ll4g
£ 1.21 E s 1.21 b
& 08F & 0.8F t
S ot ] S 06t I e
’ 300 1000 2000 . 300 1000 2000
m,, [GeV]
> — T ———— > ———
) o)
= §=13TeV, 139 fb* 0.5 TeV A (i =10) = §=13TeV, 139 fb*
E SR 2-lep. [ Z+(bl.cll) E SR 2-lep. W z+(bl el )
2 1 b-tag, merged, no add. -tzo";bb'b”c) 3 2 b-tags, merged, no add. Il Z+(bb bc,cc)
Wbl cll) top
Il W+(bb,bc,cc) =V\:;(bb,bc,cc)
0 other other
{l uncertainty uncertainty
o = o 14
£ mué"smuw £ 12
ol ol :
g § 06 ‘
300 1000 2000
m,, [GeV]
> T — T —
8 ¢ data
T (s=13TeV, 139 fb =0.5TeV A (u = 10)
% 1T CR 2-lep. [ Z+(bl.cll)
> 1+2 b-tags, resolved I Z+(bb be,cc)
w top
W+ (bl .cll)
Y [l W+(bb,bc,cc)
0 other

{i uncertainty

0.
06150 1000

data / bkg

Figure 6.26: Post-fit distributions of the my g in the 1 b-tagged resolved signal region
(top left), 2 b-tagged resolved signal region (top right), 1 b-tagged merged signal region
with no additional b-tagged track jets (middle left), 2 b-tagged merged signal region
with no additional b-tagged track jets (middle right) and 142 b-tagged resolved top
control region (bottom) in the ggA /7’ fit.



126 Chapter 6. Search for a Heavy Resonance in the [/bb Final State

The bbA Fit

The bbA signals are extracted by fitting the simulated my zr distributions to data. The
parameters of interest are the signal strengths of the bbA productions.

The bbA fit uses the 1, 2 and 3+ b-tagged events in the resolved signal regions, the
1, 2 and 3+ b-tagged resolved top control regions, the merged signal regions with no
additional b-tagged track jets not associated with the large-R jet and the merged signal
regions with at least one additional b-tagged track jet not associated with the large-R jet.
The 1 b-tagged and 2 b-tagged top control regions are merged to reduce the sensitivity
to b-tagging-related systematic uncertainties. The 1 b-tagged and 2 b-tagged merged
signal regions with more than one additional b-tagged track jet not associated with the

large-R jet are also combined.

Nuisance Parameter Description Regions/Backgrounds Value Effect

norm_Zhf Z-+(bb,be,cc) normalization  Z+(bb,be,cc) in all regions except 3+ b-tagged Float normalization
norm_Zclbl Z-+(bl,cl) normalization Z+(cl,bl) in all regions except 3+ b-tagged Float normalization
norm_top top normalization tt + LF, single top, ttV, tth in all regions Float normalization
norm_ttbarHF top normalization tt + HF in all regions Float normalization
norm_Zjets_T3P Z-+jets normalization Z-+jets in 3+ b-tagged resolved region Float normalization
Zhf_MerResRatio_OAddTag merged / resolved ratio Z+(bb,be,ce) in 0 add b-tagged merged regions 19%  normalization
Zhf_MerResRatio_1AddTag merged / resolved ratio Z+(bb,bc,ce) in 1 add b-tagged merged regions 19%  normalization
Zclbl_MerResRatio_OAddTag | merged / resolved ratio Z+(cl, bl) in 0 add b-tagged merged regions 28%  normalization
Zclbl_MerResRatio_1AddTag | merged / resolved ratio Z+(cl, bl) in 1 add b-tagged merged regions 28%  normalization
Z1_MerResRatio_OAddTag merged / resolved ratio Z+(1) in 0 add b-tagged merged regions 28%  normalization
Z1_MerResRatio_1AddTag merged / resolved ratio Z+(1) in 1 add b-tagged merged regions 28%  normalization
top_MerResRatio_L2 merged / resolved ratio tt + LF, single top, ttV, tth in all merged regions 18%  normalization
ttbarHF_MerResRatio merged / resolved ratio tt + HF, single top, ttV, tth in all merged regions 18%  normalization
ttbar_topemuRatio_L2 SR / topcr ratio tt + LF, single top, ttV, tth in all resolved signal regions 2.4% normalization

Table 6.10: Summary of the normalization nuisance parameters in the bbA fit related to
the Z+jets, W+jets and top backgrounds. The forth column shows the values of the
prior uncertainties.

A list of nuisance parameters which control the normalization of background compo-
nents is shown in Table 6.10. In the 1 and 2 b-tagged resolved regions and all merged
regions, the normalization factors of the Z+(bb,be,cc), Z+(bl,cl) , tt + HF and tt + LF
backgrounds are allowed to float freely while the normalization factors of the Z+1,
diboson and SM Higgs backgrounds are constrained. The normalization of 3+ b-tagged
Z+jets backgrounds are decorrelated from the 1 or 2 b-tagged backgrounds, which means
a different set of nuisance parameters which control the normalization factor and the
modelling shape uncertainty are assigned to the 3+ b-tagged Z+(bb,bc,ce,bl,cl,l). The

normalization factors for the 3+ b-tagged Z+(bb,bc,ce,bl,cl,]) backgrounds are allowed to
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float freely in the fit. Other constrained normalization nuisance parameters are luminos-
ity and the resolved /merged ratios of the top, Z+(bb,bc,cc) and Z+(bl,cl) backgrounds.
The resolved /merged ratios of the Z+(bb,bc,cc) and Z+(bl,cl) backgrounds with no
additional b-tagged track jets not associated with the large-R jets are decorrelated from
the one with additional b-tagged track jets. The nuisance parameters which control the

merged /resolved ratios are applied to the merged regime.

The bbA fit uses a similar binning strategy as the ggA and Z’ fits. However, a
coarser binning is used in the 1 b-tagged resolved region because the region is mainly
used to model the backgrounds, and it has a smaller contribution to the signal discovery
significance. The statistical uncertainty of the simulation in each bin is required to be

less than 20% of the total weight of the simulated background distributions.

The fit model is first tested using events in the control region before applying it
in the signal region. The control region fit is performed by replacing signal region
distributions with the distributions in the mpgp sideband control region, and the post-fit
distributions are shown in Figure 6.27 and Figure 6.28. The plots show overall good

agreement between data and simulation.

The pulls of nuisance parameters from the Asimov fit and the fit using data are
shown in Figure 6.29. As can be seen from the plots, most nuisance parameters
behave as expected in the fit. It should be noticed that the nuisance parameter for the
p?B reweighting in the 1 b-tagged region (RW_Zjets_PThReweightlT) is pulled toward
the positive direction, which means the fit tries to reverse the slope correction. The
pull is caused by its correlation with other nuisance parameters which control the
modelling of Z+jets background. Figure 6.30 shows that the nuisance parameter is
strongly anti-correlated with a nuisance parameter for a Z-+jets modelling uncertainty
(ZHLFMEPSModShapeOnly). This correlation is caused by overlap between the Z-jets
modelling uncertainties and the reweighting uncertainties mentioned in Section 6.5.2.
Tests have shown that RW_Zjets_PThReweightlT is not pulled when it is the only
nuisance parameter which affects the shape of the distributions in the fit. It is pulled
if ZHLFMEPSModShapeOnly is also included in the fit. Other pulled nuisance parameters

related to flavour tagging and jets are not of concern because their effect on signal
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Figure 6.27: Post-fit distributions of the my g in the 1 b-tagged (top left), 2 b-tagged
(top right) and 3+ b-tagged (middle left) resolved myy, sideband control regions and 1+2
b-tagged (middle right) and 3+ b-tagged (bottom) resolved top control regions in the
bbA fit.
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merged myy, sideband control region with additional b-tagged track jets (bottom) in the
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Figure 6.30: The correlation matrix of the bbA fit in the 2-lepton channel. The plot
only shows rows or columns with elements whose absolute value is larger than 0.3.
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strength is trivial, and the pulls have no impact on the result.
Figure 6.31 and Figure 6.32 show the post-fit distributions in the signal regions
and the top control regions. The plots show that the data in general agrees with the

Standard-Model prediction.

6.6 Results

The result of the search is compatible with the Standard-Model prediction, and upper
limits on the production cross section of signals are calculated. The expected and
observed limits on the production cross sections of the ggA, bbA and Z’ signals and the
p-values of the searches are shown in Figure 6.33. The ggA search has probed a mass
range of 220 GeV to 2 TeV. The results show good agreement between the observed
limits and the expected limits, and upper limits at the 95 % confidence level (CL) has
been placed on o(ggA) x BR(A — Zh) x BR(h — bb) between 1 x 1073 pb and 4 x 10~}
pb. A mild excess of about 20 has been observed at 500 GeV. The bbA search has also
probed a mass range of 220 GeV to 2 TeV with no excesses above 20 observed. Upper
limits at the 95 % CL has been placed on o(bbA) x BR(A — Zh) x BR(h — bb) between
1 x 1073 pb to 2 x 10! pb. The search for the Z’ boson has probed a mass range of
300 GeV to 5 TeV with a mild excess above 20 observed at 500 GeV. The search placed
upper limits at the 95 % CL on o x BR(Z’ — Zh) x BR(h — bb, bc) between 1 x 10~ pb
and 4 x 10~ pb. The search in the [7I7bb final state has excluded the HVT Model A
up to 2400 GeV and the HVT model B up to 2600 GeV !.

' The two benchmark models were discussed in Section 2.3.3.
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Figure 6.31: Post-fit distributions of the my g in the 1 b-tagged (top left), 2 b-tagged
(top right) and 3+ b-tagged (middle left) resolved signal regions and 1+2 b-tagged
(middle right) and 3+ b-tagged (bottom) resolved top control region in the bbA fit.
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Figure 6.33: The expected and observed upper limits at the 95% CL on the production
cross section of the ggA signal times the branching ratio to Zh and the branching ratio
of h — bb (upper left), the production cross section of the bbA signal times the
branching ratio to Zh and the branching ratio of h — bb (middle left) and the
production cross section of the Z’ signal times the branching ratio to Zh and the
branching ratio of h — bb, c¢ (bottom left). The p-values for the ggA (upper left), bbA
(middle left) and Z’ (bottom left).






Chapter 7

Combination of the [lbb and vvbb

Searches and 2HDM Interpretation

The searches in the [~ITbb final state are combined with the searches in the vbb final
state where the Z boson decays into two neutrinos [1]. The combined results are then
interpreted as exclusion limits in the 2HDM parameter space. In the vbb searches, the
heavy resonance cannot be fully reconstructed due to the presence of two neutrinos in
the final state. As a result, the final discriminator of the search is the transverse mass of

the Zh system

MTVH = \/(Eng + Bpis)2 — (pBB 4 Eipiss)2, (7.1)

where E%BB is the transverse energy of the h boson candidate, E%iss is the missing
transverse energy, ﬁ%B is the transverse momentum of the h boson candidate and E%liss

is the missing transverse momentum |[1].

The chapter mainly focuses on the author’s contribution which is the pseudo-
experiment limits, the signal smearing and the 2HDM interpretation. The 0-lepton
channel analysis and the combination strategy of the fit are beyond the scope of this

thesis [1]. However, they will still be briefly discussed in this chapter for completeness.
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Variable ‘ Resolved Merged
. >2 signal jets >1 large-R jet
Number of jets . . .
> 2 track jets (matched to leading R = 1.0 jet)

Leading jet pr [GeV] > 45 > 250
mey [GeV] 110-140 75-145
EPis [GeV| > 150 > 200
Ad)jj < 77T/9 -
B [GeV] > 150 > 200
St [GeV] > 150 (120%) -
ERs, [GeV] > 60
AG(ER™, BR ) <7/2
AP(ET™, h) >27/3
min [A(f)(ﬁ?i“, small-R jet)] > /9 (2 or 3 jets), > w/6 (> 4 jets)

>9 if myp < 240 GeV,
E?iss significance S > 6.6+ 0.01 - myp if 240 GeV < myp < 700 GeV,

> 13.6 if myp, > 700 GeV,

Table 7.1: The event selection for the A/Z' — Zh — vbb search. * applies when there
are only two signal jets. The table is taken from [1].

7.1 Searches in the vvbb Final State

The search for a heavy resonance decaying into a Z boson and a h boson in the vbb
final state is described in [2] and the event selection is listed in Table 7.1. The 0-lepton
channel uses the same object reconstruction methods as the 2-lepton channel. It also
splits events into the resolved and the merged categories depending on the jets used
to reconstruct the Higgs candidate. The O-lepton channel uses the same cuts on the
jets’ pr as the 2-lepton channel. It uses events with large missing transverse momentum
due to the presence of two neutrinos in the final state, so the O-lepton channel requires
ErTniSS > 150 GeV for the resolved category and E%iss > 200 GeV for the merged category.
To avoid double-counting of events with the 1-lepton channel' and the 2-lepton channel,
the 0-lepton channel only uses events with no reconstructed leptons. To reduce the
mismodelling on trigger efficiencies, the pr sum of the three signal jets leading in pr
(St) is required to be greater than 150 GeV. The requirement is relaxed to 120 GeV
if there are only two signal jets. The multijet background is mainly caused by the

mismeasurement of jet energy. It can be reduced by a cut on the angular separation of

!The 1-lepton channel is used for the search for the W boson. It is described in [137].
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final-state products. The azimuthal angle between the two jets used for the i boson
reconstruction A¢j; is required to be less than 77/9 in the resolved category. The cut
is not needed in the merged category because the two track jets are required to be
associated with the large-R jets. The azimuthal angle between the h boson candidate and
the missing transverse momentum Aqb(ﬁ%‘iss, h) is required to be greater than > 2m/3.
The minimal azimuthal angle between the missing transverse momentum and small-R
jets min A¢(E¥liss, small-R jet)} is required to be greater than 7/9 when there are two
or three small-R jets. It is required to be greater than 7/6 when there are four or
more small-R jets. The missing transverse momentum of tracks E%itsfk is less affected
by pileup. The analysis selects events with E%itsfk > 60 GeV, and the azimuthal angle

miss

[miss
between ET,trk E

and the missing transverse momentum A¢(E§ni$5, T’trk) is required to
be less than 7/2. A my g-dependent cut on the object-based significance of the missing
transverse momentum S [138] is applied to further suppress backgrounds. The 0-lepton
channel selects resolved events with 110 GeV < my, < 140 GeV. The cut on the my,,
is tighter than that of the 2-lepton channel because the 0-lepton channel has a higher

background.

The 0-lepton channel analysis also assigns an event to the resolved category if it
passes both resolved and merged event selections. Events failing the my, selection
while still being within the range 50 GeV < my, < 200 GeV are assigned to the my
sideband control region. The signal and control regions in the 0-lepton channel are
mainly dominated by the Z-jets, W+jets and tt backgrounds.

The simulated events are reweighted to improve the agreement between the data and
the simulation. The reweighting functions based on the transverse momentum of the h
boson candidate and the missing transverse momentum are derived in the my,;, sideband

control region and applied in the signal regions [1].

7.2 The Combined Fits and Results

In the O-lepton channel, the bbA fit uses events in the 1, 2 and 3+ b-tagged resolved

signal regions, the 1, 2 and 3+ b-tagged resolved top control regions, the merged signal
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regions with no additional b-tagged track jets not associated with the large-R jet and
the merged signal regions with at least one additional b-tagged track jet not associated
with the large-R jet. The combined fit uses both the 0-lepton channel events and the
2-lepton channel events to improve the sensitivity of the search. The combined bbA
fit uses the same nuisance parameters as the 2-lepton channel bbA fit. Most nuisance
parameters are correlated between the two channels except for the normalization factors
of the top background (norm_top) which are left uncorrelated due to the different
regions of phase-space being probed in the two channels. Due to the large W-jets
background in the 0-lepton channel, additional constrained normalization factors are
applied to the W+jets background in the resolved regions to address the uncertainties
on the acceptance ratios between resolved and merged regions. Additional constrained
normalization factors are applied to the ¢t and Z-jets background to address the
uncertainties on the acceptance ratios between the 0-lepton channel and the 2-lepton

channel [1].

The 0-lepton ggA/Z' fit uses the 1, 2 b-tagged signal regions and my, sideband
control regions in both the resolved and merged categories. The my, sideband control
regions are also used in the fit because it helps to constrain the normalization factors of
the backgrounds and thus improve the sensitivity of the search. The 0O-lepton channel
is combined with the 2-lepton channel using the same nuisance parameters described
in Section 6.5.3. The normalization factor of the top backgrounds (norm_top_L2) is
decoupled between the two channels because of the normalization difference. Additional
constrained normalization factors are applied to the tt, W+jets and Z-+jets backgrounds

to address the uncertainties on the acceptance ratios between the two channels [1].

The expected and observed upper limits of the combined fits at the 95% CL on the
production cross sections of ggA, bbA and Z’ signals time the branching ratio to Zh are
shown in Figure 7.1. The results are compatible with the Standard-Model prediction.
The largest excess is observed for the ggA and Z’ signal at 500 GeV corresponding to
a significance of 2.10. The plots also show the combined limits are dominated by the
2-lepton channel in the low-mass range below 1 TeV. The 0-lepton channel is important

above 1 TeV because of the poor lepton-reconstruct efficiency in the high mass range
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Figure 7.1: The expected and observed upper limits at the 95% CL on the production
cross section of the ggA signal times the branching ratio to Zh (upper left), the
production cross section of the bbA signal times the branching ratio to Zh (upper right)
and the production cross section of the Z’ signal times the branching ratio to Zh
(bottom). The plots are taken from [1].

where the two leptons are collimated.

7.3 Pseudo-Experiment Limits

The limits shown in Figure 7.1 are calculated using the asymptotic approximation, where
the conditional probability density function of the test statistic ¢, in Equation (6.12)
is estimated by asymptotic formulas [131]. The approach is valid in the large-sample
limit, but the asymptotic formulas begin to fail in the high mass range due to the low
number of high-mass events. Alternatively, the ¢,, distributions can also be estimated by
pseudo-experiments. The pseudo-experiment provides a more accurate estimation than
the asymptotic formulas, but it is also compute-intensive. It is not practical to calculate
the pseudo-experiment limits for all signal hypotheses due to the limitation of computing
resources. The Z’ search covers the mass range up to 5 TeV, and pseudo-experiment
limits of ten selected mass hypotheses are calculated to test the validity of the asymptotic

approximation.
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For each signal mass hypothesis, the probability density function of the null hypothesis
(f(t.|0)) and that of the signal (with strength p) hypothesis (f(¢,|x)) are constructed
from toy samples, while the value of the observed test statistic £, o5 is determined from

data. The p-value at a given signal strength is

o = | T )t (7.2)

tp,,obs

The p-values are calculated at multiple u values, and the relationship between the p-value
and g is estimated by an error-function fit. The upper limit on p at the 95% CL is
the p value when p = 5%. The median limit and the +10 and 420 error bands are
determined by testing the signal hypothesis against the hypothesis where ¢, is at the
median, +10 and £20 of the null hypothesis distribution f(t,|0).

In the Z’ search, the ¢, distributions are estimated by 10000 toy samples for each
signal mass hypothesis. The upper limits at the 95% CL for signals of 500, 1000,
1500, 2000, 2500, 3000, 3500, 4000, 4500 and 5000 GeV are shown in Figure 7.2. A
comparison between the asymptotic limits and the pseudo-experiment limits is also
shown in Figure 7.2. The figure shows that the asymptotic approximation is valid below
2000 GeV, and it begins to fail in the higher mass range. The comparison shows a
20% discrepancy in the observed limit between the asymptotic approximation and the
pseudo-experiment at 5000 GeV. In the published results [1], the asymptotic formulas are
used for the limit calculation because a 20% discrepancy is considered to be acceptable.
However, a comparison between the asymptotic limits and the pseudo-experiment limits
is also shown for the ten selected mass hypotheses to demonstrate the impact of this

assumption.

7.4 Large-Width Signal Modelling

The 2HDM signal samples used in the analysis are generated under the narrow width
approximation (NWA). The width of the A boson is sensitive to the parameters of the
2HDM. Large-width signal distributions with widths T" 4 ranging from 1% to 20% are

estimated by smearing the distributions of the mry, in the O-lepton channel and the
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Figure 7.2: The expected and observed upper limits at the 95% CL on the production
cross section of Z’ signal times the branching ratio to Zh and the branching ratio of
h — bb, bé calculated by pseudo-experiments (left) and the ratio between the asymptotic
limits and the pseudo-experiment limits (right).

distributions of the my, in the 2-lepton channel.

The LO ggA — 171Tbb/vbb samples with signal widths ranging from I'4/m4 =
0% to 20% with a step size of 1% are generated using MADGRAPHS 2.7.3 and PYTHIA
8.244 |72, 76]. Cuts are applied to the truth-level leptons, jets and missing transverse
momentum objects to mimic the event selection at the reconstruction level. The priority
resolved strategy is applied to split the truth-level events into the resolved and merged

categories.

The resonance peak follows the Breit-Wigner distribution. However, the reconstructed
A boson mass distribution is distorted because of the event selection. Instead of using the
Breit-Wigner function, the NWA distributions are smeared using a modified Breit-Wigner

function [139] defined as

—(In(z—=zg)—In(m)?)
f( ) e 2><ln(s)2 1 (7 3)
T) = X , .
V2w (x — x0)In(s) x2 + 0.25w?

where w is the signal width , xg, s and m are free parameters. The function is a product
of a Breit-Wigner function and a log-normal function. The log-normal function makes
the function asymmetric to improve the modelling of the reconstructed distributions.
The three free parameters are determined by fitting the smeared NWA distributions to

the generated large-width distributions.
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The NWA distributions are smeared by the convolution between the NWA distribu-
tions and the modified Breit-Wigner function. The convolution is calculated using the
RooFit package numerically [140]. The initial values of the free parameters in the fit are
set by scanning the parameters space to avoid suboptimal solutions. The parameters are
then optimized by the fit. Fits are performed for each set of initial values in the scan,
and the best solutions are selected using the root mean square error. The fit is done for
each signal mass of different widths in the 0/2 lepton channels and the resolved /merged
regions separately. In the case where the modified Breit-Wigner function smearing gives
poor modelling of the large-width distributions, the Breit-Wigner function is used for
the smearing. The best function is determined by the root mean square error.

Figure 7.3 and Figure 7.4 compare the simulated large-width distributions with the
distributions estimated by the smearing for the 700 GeV ggA signal in the 2-lepton
channel. The plots show that the smearing produces the same line shape as the generated
distributions.

The signal width also affects the event-selection efficiency, which is estimated using the
ratios of total weight between the large-width distributions and the NWA distributions
at the truth level. The ratios are shown in Figure 7.5. The plots show that the ratios
are close to one in the 2-lepton channel. The signal width significantly affects the
event-selection efficiencies of the low-mass signal in the O-lepton channel because of the
low event-selection efficiency of the low-mass signals. With larger signal widths, more
events are migrated to the higher mass bins, and the event selection efficiency increases.

The smearing function and the ratios are applied to the reconstructed NWA dis-
tributions to estimate the large-width distributions. The statistical uncertainties of
the large-width distributions are estimated by varying the nominal NWA distribution
by +o, and then applying the smearing function and the ratio. The halved difference
between the two smeared o distributions is taken as statistical uncertainties. Due to
the lack of large-width bbA samples, the smearing function and the total weight ratios
determined from the ggA sample are applied to the NWA bbA distributions to estimate

the large-width bbA distributions.
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Figure 7.3: The distributions of myj, for ms4 = 700 GeV ggA signals in the 2-lepton
resolved regions with the widths of I's/m4 = 1% (top left), 3% (top right), 5% (middle
left), 10% (middle right), 15% (bottom left) and 20% (bottom right). The blue curve
shows the simulated distributions while the green curve show the smeared NWA
distribution. The lower panels show the ratios between the smeared NWA distributions
and the simulated distributions. The MC uncertainty shown is statistical only.
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Figure 7.4: The distributions of myj for mq = 700 GeV ggA signals in the 2-lepton
merged regions with the widths of T'a/ma = 1% (top left), 3% (top right), 5% (middle
left), 10% (middle right), 15% (bottom left) and 20% (bottom right). The blue curve
shows the simulated distributions while the green curve show the smeared NWA
distribution. The lower panels show the ratios between the smeared NWA distributions
and the simulated distributions. The MC uncertainty shown is statistical only.
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Figure 7.5: The total-weight ratios between the large-width distributions and the NWA
distributions in the 0-lepton resolved (top left), 0-lepton merged (top right), 2-lepton
resolved (bottom left) and 2-lepton merged (bottom right) regions.
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7.5 The 2HDM Interpretation

The 2HDM parameters, discussed in Section 2.3.2, affect the fraction of ggA and bbA
production modes and the natural width of the A boson. To obtain the upper limits at
the 95% CL on the 2HDM parameters, the fraction of ggA and bbA production modes
and the variation of the signal width are taken into account. The upper limits at the
95% CL on the cross section of 2HDM signals are calculated for various A boson natural
widths up to I'y/m4 = 20%. The bbA and the ggA signals are combined with different
fractions ranging from 0 to 1, and the bbA fit model is used for the limit calculation.
The expected and observed upper limit at the 95% CL as a function of bbA fraction and
signal mass is in shown in Figure 7.6. The expected and observed upper limits at the
95% CL on o(pp — bbA — Zh) and o(pp — A — Zh) as a function of signal width and
signal mass are shown in Figure 7.7 and Figure 7.8 respectively. In general, better limits
are expected as the signal width decreases. For high mass signals, the pure bbA /ggA
signal has better limits than the mixed signals. However, the limits get worse as the

fraction of bbA signal decreases for signals with mass below 300 GeV.
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Figure 7.6: Distributions of expected (left) and observed (right) upper limits at the 95%
CL on o(pp — A/bbA — Zh) as a function of m 4 and the fraction of bbA production.
The dashed lines indicate where the upper limits reach values of 0.2 pb, 0.02 pb and
0.01 pb, respectively.
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Figure 7.7: Distributions of expected (left) and observed (right) upper limits at the 95%
CL on o(pp — bbA — Zh) of signals with NWA as a function of m4 and the width.
The dashed lines indicate where the upper limits reach values of 0.6 pb, 0.2 pb, 0.02 pb,
and 0.01 pb, respectively.
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Figure 7.8: Distributions of expected (left) and observed (right) upper limits at the 95%
CL on o(pp — A — Zh) of signals with NWA as a function of my4 and the width. The
dashed lines indicate where the upper limits reach values of 0.13 pb, 0.04 pb, and

0.01 pb, respectively.
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The results are interpreted in terms of exclusion limits at the 95% CL on the 2HDM
parameters of the Type-I, Type-II, Lepton-specific and Flipped models. The theory cross
section of the A boson production is calculated using SusHi [141], and the branching
ratio is calculated using 2HDMC [142]| under the assumption of m; = 125 GeV and
maA = mg = Mgx.

Figure 7.9 - 7.12 show the exclusion limits at the 95% CL on the 2HDM parameters
for the Type-I, Type-11, Lepton-specific and Flipped 2HDMs in the tan(8) and cos(8 — «)
space at m4 = 300 GeV, 500 GeV, 700 GeV and 1000 GeV respectively. The plots
show that the search has no exclusion power at high tan(8) values for the Type-I and
Lepton-specific models due to the reduction of the ggA production cross section as
tan(f) increases. This is not the case for the Type-II and Flipped models due to the
contribution of the bbA production cross section at high tan(f) values. The search
has no sensitivity near the alignment limit (cos(5 — a) = 0) because of the vanishing
BR(A — Zh). At low tan(f) values, there are also unexcluded regions away from the

alignment limit because of the vanishing BR(h — bb).

Figure 7.15 and Figure 7.16 show the 95% CL exclusion limits in the tan(g) and m4
space at cos(f — a)= 0.1 and 0.05 respectively. In the low tan(f) area, the sensitivity
reduces at my = 350 GeV as a result of the A — ¢t decay mode. At low tan(3) values,
the dominating production mode is ggA. At cos(f — a)= 0.1, the exclusion area is
available at high tan(f3) values only for the Type-II and Flipped models because of the
contribution from the bbA production. The exclusion area gets smaller as the cos(8 — «)
value approaches the alignment limit. At cos(5 — a)= 0.05, only a small area below the
tt production threshold is excluded. Limits further away from the alignment limit at

cos( — )= 0.2, 0.15 are shown in Figure 7.13, Figure 7.14 respectively.

In the previous analysis |7], limits in the tan(8) and cos(8 — «) space were set at
ma = 300 GeV. With the increased luminosity, more areas are expected to be excluded.
However, the observed limits show that less region is excluded comparing with the
previous analysis due to fluctuation at m4 = 300 GeV. The previous analysis did not
calculate limits in the tan(8) and cos(8 — «) space above the ¢t production threshold.

The current analysis excluded more areas in the m4 and cos( — ) space above the ¢t
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production threshold, which makes it possible to set limits on the tan(3) and cos(8 — «)
parameters at my4 = 500 GeV, 700 GeV and 1000 GeV.

More regions are excluded compared with the previous analysis because of the new
signal smearing method. The previous analysis smeared the signal using the Breit-Wigner
function, and the method is only valid for signals with 'y /m4 < 10%. The new signal
smearing method is valid for signals with greater natural width, and limits on the

parameters space are calculated up to I'y/my < 20%.
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Figure 7.9: The exclusion limits at the 95% CL on tan(8) and cos(8 — «) at my =
300 GeV for the (a) Type-I, (b) Type-II, (c) Lepton-specific and (d) Flipped 2HDMs.
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Figure 7.10: The exclusion limits at the 95% CL on tan(8) and cos(f — ) at my =
500 GeV for the (a) Type-1, (b) Type-II, (c¢) Lepton-specific and (d) Flipped 2HDMs.
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Figure 7.11: The exclusion limits at the 95% CL on tan(8) and cos(f — «) at my =
700 GeV for the (a) Type-I, (b) Type-II, (¢) Lepton-specific and (d) Flipped 2HDMs.
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Figure 7.12: The exclusion limits at the 95% CL on tan(8) and cos(f — ) at my =
1000 GeV for the (a) Type-I, (b) Type-II, (c) Lepton-specific and (d) Flipped 2HDMs.
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Chapter 8

The [[bb Search with Neural

Networks

Chapter 6 uses an analysis approach where the events are selected by cuts to improve
the purity of the signals, and the my, is used as the final discriminator. The approach
is sensitive to the high-mass signals because of the low number of high-my; background
events. However, the approach is less sensitive to the low-mass signals because of the

large number of low-my,, background events.

This chapter describes a new analysis approach based on machine learning, where
the my, is replaced by a variable constructed by deep neural networks as the final
discriminator. The new analysis approach is tested using the ggA signal, and the

expected limits on the ggA production cross section are calculated.

The chapter first gives a brief introduction to machine learning and deep neural
networks. After that, the use of neural networks in the Vh resonance search will be

discussed. The discussion of machine learning is mainly based on [143] and [144].

8.1 Machine Learning

Machine learning is a study which enables computers to learn from data. If the rela-

tionship between a quantity ¥ and a set of quantities X = (X1, X, X3, ..., X;,) can be
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written as

Y = f(X) +e (8.1)

where f is an unknown function and e represents a random error, the goal of machine
learning is to estimate the unknown function f [143]. The quantity Y is called the
response (also called the label) and the quantities X are called features. The estimated
response Y is

Y = f(X), (8.2)

where f is an estimation of the unknown function f. The squared error of the estimation
is

E(Y —Y)? = [f(2) — f(2)] + Var(e), (8.3)

where the first part is the reducible error while the second part is the irreducible error
[143]. A good estimation of f can reduce the reducible error, but the accuracy of machine

learning is limited due to the presence of the irreducible error.

The unknown function f can be estimated by simple linear regression or complex
nonlinear models such as boosted decision trees or neural networks. The linear models
make a good estimation if the true relationship between X and Y is close to linear, but
the model would have a high bias for nonlinear problems. The nonlinear models have a
lower bias for nonlinear problems, but the variance increases as the model gets more

complicated.

Input Layer € R? Hidden Layer € R® Hidden Layer € R® Output Layer € R’

Figure 8.1: A neural network with two hidden layers. The image is created using
NN-SVG [145].
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8.1.1 Deep Neural Network

The thesis uses deep neural networks to estimate f. The architecture of a neural network
is shown in Figure 8.1. The features are the input for the neural network, and they take
the nodes in the input layer. The values in the input layer are fed into each node in the

first hidden layer in the form of

glwo + Y wiX;), (8.4)
i=1

where g is the activation function and ws are the weights which need to be determined
[143]. The nodes in the second hidden layer accepts values from the first hidden layer in

the same form

k
glwo + > wiX;), (8.5)
i=1

where k is the number of nodes in the previous hidden layer. The process continues
until it reaches the output layer, and the output of the neural network is h(v), where h
is another activation function, and v is the value in the node of the output layer.

The difference between the true response and the estimated response is described
by loss functions. In order to find the best estimation of f, the weights in the neural
network are optimized by the stochastic gradient descent algorithm [146]. The algorithm
minimizes the loss by selecting a small batch of the data randomly to calculate the
gradient at each step of the descent, and the full dataset is processed multiple times.
Each time the full dataset is processed is called an epoch.

In order to avoid overtraining, the full dataset is split into the training dataset,
the validation dataset and the test dataset [144]. The gradient is calculated using the
training dataset, while the loss is calculated using the validation dataset at the end of
each epoch. The gradient descent is stopped when the loss evaluated using the validation
dataset stops decreasing. After the training, the test dataset is used to evaluate the
actual performance of the neural network.

In addition to the early stopping, a certain fraction of nodes in each layer is removed
randomly when calculating the gradient at each step of the descent. The dropout

improves the result of the neural networking training because it prevents the network
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from overly relying on a few nodes and reduces overtraining [144].

8.1.2 Parameterized Neural Network

It is challenging to use machine learning in the V' h resonance search because the search
covers different signal-mass hypotheses, while most features are correlated with the
mass of the signals. Instead of training individual neural networks for each signal-mass
hypothesis, the thesis uses parameterized neural networks [147] where one neural network
is trained for all signal-mass hypotheses.

The parameterized neural network uses the same architecture as described in Sec-
tion 8.1.1. It uses mass as an additional feature (Xpass). The neural network is trained
using the signal events of all masses and the background events. During the training,
the Xass Of the signal events is the pole mass of the heavy resonance, while the X aes
of the background events is chosen randomly according to the distributions of the X ass
of the signal events. When using the neural network on data for resonance searches, the
Xmass Of all events is the mass of the resonance it searches for.

Studies [147] show that the parameterized neural network has a better performance
than the neural network trained on a mixture of signals of all mass hypotheses without

the X feature.

8.2 Training and Hyperparameters

The neural network is trained using the simulated events in the signal regions recon-
structed and selected using the method described in Chapter 6. The activation function

for the hidden layers is the ReLU function [148| which is defined as

ReLU(z) = max(0, z). (8.6)

The ReLU activation function introduces nonlinear behaviour to the neural network,

and it is also computationally efficient. The Sigmoid activation function defined as

(8.7)



8.2. Training and Hyperparameters 165

is applied to the output layer of the neural network. The Sigmoid activation function
makes sure that the output falls between 0 and 1. During training, the background
events are labelled as 0, while the signal events are labelled as 1. The neural network
uses the binary cross entropy function as the loss function which is defined as
N
L= Z —w;[yilogz; + (1 — y;)log(1 — x;)], (8.8)
=1

where 7 is the event number, IV is the total number of events, w; is the weight of event 1,
y; is the true label of event ¢ and x; is the neural-network output of event ¢ [144]. The
binary cross entropy is expected to be low when the outputs are close to the true labels.

The neural networks were trained using the simulated Standard-Model backgrounds
and the ggA signals with the PyTorch [149] deep learning framework. The full dataset
is split into the training dataset, the validation dataset and the test dataset with a ratio

of 3:1:1 using scikit-learn [150].

Regions Number of hidden layers Number of nodes per hidden layer Dropout rate
1-tagged resolved | 3 150 30%
2-tagged resolved | 3 150 30%
1,2-tagged merged | 2 100 30%

Table 8.1: Configurations of the neural networks.

Three neural networks were trained separately for the 1 b-tagged resolved events,
2 b-tagged resolved events and the 1 or 2 b-tagged merged events without additional
b-tagged track jets not associated with the large-R jet. The configurations of the neural
networks are shown in Table 8.1. The neural networks were optimized by starting from
a small network and then increasing the number of nodes and hidden layers until the
results obtained using the validation dataset stop improving. For each network trained
during the optimization, different dropout rates are tested and the optimal one is selected.
The neural network of the merged events has fewer nodes and layers compared with the
neural networks for the resolved events because of the low number of merged events in
the simulation.

The features of the neural networks in the resolved regions are the reconstructed

mass of the the Z boson, the A boson and the A boson, the transverse momenta of the
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three leading jets and the two leptons, the b-tagging scores of the three leading jets, the
ErTniSS /v/Hr, the angular separations between two leptons and the angular separations
between the three leading jets. The neural network for the merged events uses the
reconstructed mass of the the Z boson, the A boson and the A boson, the angular
separation between the two leptons, the ErTniSS /v/Ht and the transverse momenta of the
leptons and jets as features. The features are standardized by removing their means
and scaling them to the same standard deviation using scikit-learn, which helps the

gradient-descent algorithm converge.

The outputs of the three neural networks for the signal and background events in
the test dataset are shown in Figure 8.2. The plots show that the neural networks
correctly separate signals from the backgrounds because the background distributions
peak at 0 and the signal distributions peak near 1. It should be noted that small peaks
of signal distributions at low NN output values are observed, and future studies need to

be conducted into this features.

Figure 8.3 compares the expected signal-discovery significance calculated using myp,
with the one calculated using the neural-network outputs as discriminators with the
same dataset in the 1 b-tagged resolved signal region, 2 b-tagged resolved signal region
and the 1+2 b-tagged merged signal regions without additional b-tagged track jets not
associated with the large-R jets, where the significance is defined in Equation (6.2) and
the definition of the signal regions is described in Section 6.3. Comparing with the
cut-based analysis, the neural network provides better performance for low-mass signals.
However, the neural networks do not offer significantly better performance for high-mass
signals. This is because the expected number of background events in the high-myp
range is low, and the discrimination power of the neural-network output is similar to

that of the my,.

8.3 Expected Limits

The performance of the neural networks is tested by a binned maximum-likelihood fit

using the distributions of the neural-network output. The fits use the same fit model
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Figure 8.2: The outputs of the neural networks for the 1 b-tagged resolved events with
Xmass = 300 GeV (top left), 1 b-tagged resolved events with Xpass = 500 GeV (top
right), 2 b-tagged resolved events with Xpass = 300 GeV (middle left), 2 b-tagged
resolved events with X ass = 500 GeV (middle right), 1+2 b-tagged merged events with
Xmass = 1000 GeV (bottom left) and 142 b-tagged merged events with

Xmass = 2000 GeV (bottom right).
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Figure 8.3: The ratios of the expected signal significance between the neural-network
analysis and the cut-based analysis in the 1 b-tagged resolved region (top left), the 2
b-tagged resolved region (top left) and the 1+2 b-tagged merged regions without
additional b-tagged track jets not associated with the large-R jets (bottom).

as described in Chapter 6. For this test, the fit only includes nuisance parameters that
control the normalization of the individual background components, while the nuisance

parameters that control the distributions’ shape are ignored.

The modelling of the backgrounds is tested by fitting the simulated distribution of the
neural network output to that of the data using the events in the my, sideband control
regions and the top control region, and the post-fit distributions for neural networks
with Xass = 500 GeV are shown in Figure 8.4. The plots show overall good agreement
between the data and the simulation. Mismodelling is observed in the 1 b-tagged regions

where there is more data than expected backgrounds between 0 to 0.3.

The expected limit is calculated by an Asimov fit using the simulated events in the
signal regions and the top control region, and the distributions of the signals and the

backgrounds at X,5s = 500 GeV are shown in Figure 8.5. Figure 8.6 shows the upper
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limits at the 95% CL on the production cross section of ggA signal times the branching
ratio to Zh and the branching ratio of h — bb. A comparison is made with expected
limits calculated by the cut-based approach described in Chapter 6. For this comparison,
the cut-based limits are also calculated without considering nuisance parameters which
affect the shape of the distributions. The comparison shows that the parameterized
neural network provides a 60% improvement for the limit of the signal at 300 GeV
compared with the cut-based approach. However, the neural network is expected to have
a similar performance as the cut-based analysis for signals with mass above 800 GeV.
It should be noted that the training and validation datasets are also used in the limit
calculation, and the effect of overtraining may affect the limits even if early stopping
and dropout are applied. Moreover, the effect of shape uncertainties may affect the
neural-network approach more than the cut-based approach. As a result, the neural

network may offer less improvement than predicted in this study.

In order to understand the neural network, the importance of the features is calculated
by estimating their SHAP values [151] which are the average contribution of the feature
to the output in every possible feature subset. The most important feature for both the
resolved and the merged events is the reconstructed mass of the A boson which is also
the final discriminator of the cut-based analysis. For low-mass signals, the second most
important feature is the reconstructed mass of the A boson since the events with the
h mass close to 125 GeV are more likely to be from the A — Zh decay. The b-tagging
scores and the angular separations between jets also contribute to the output, which
suggests that the analysis strategy discussed in Chapter 6 often selects the wrong jets
for the h boson reconstruction, and the neural network improves the sensitivity of the

search by recovering information related to the third leading jets.

8.4 Outlook

The preliminary studies have shown that the parameterized neural network significantly
improves the sensitivity of the search for the low-mass signals in the 2-lepton channel.

The neural network does not improve the performance for the high-mass signals, but
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Figure 8.4: Post-fit distributions of neural-network output with Xass = 500 GeV in the
1 b-tagged resolved my, sideband control region (top left), 2 b-tagged resolved my,
sideband control region (top right), 1 b-tagged merged myy, sideband control region with
no additional b-tagged track jets (middle left), 2 b-tagged merged myy, sideband control
region with no additional b-tagged track jets (middle right) and 1+2 b-tagged resolved
top control region (bottom).
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Figure 8.5: Pre-fit distributions of neural-network output with X,,,5s = 500 GeV in the
1 b-tagged resolved signal region (top left), 2 b-tagged resolved signal region (top right),
1 b-tagged merged signal region with no additional b-tagged track jets (middle left), 2

b-tagged merged signal region with no additional b-tagged track jets (middle right) and
1+2 b-tagged resolved top control region (bottom).
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Figure 8.6: The expected upper limits at the 95% CL on the production cross section of
ggA signal times the branching ratio to Zh and the branching ratio of h — bb (left) and
a comparison with the limits computed by the cut-based analysis (right).

the results are still promising because the 2-lepton channel is less important than the
0-lepton channel for the high-mass signals.

Although the neural network improves the sensitivity of the search, mismodelling
of backgrounds has been observed. Studies are needed to understand the effect of the
shape-related nuisance parameters on the modelling of backgrounds. Reweighting of the
simulated events is required if the shape-related nuisance parameters do not improve
the background modelling.

In this chapter, the neural networks are trained and tested on signals following the
narrow-width approximation, but the signal width also affects the performance of the
neural network. Studies are required to test the performance of the parameterized neural
network on large-width signals.

The second round of the V'h resonance search is currently ongoing, and the parame-
terized neural network approach will be used to search for the A boson and the Z’ boson

using the full Run 2 ATLAS dataset.



Chapter 9

Conclusion

The Standard Model describes the existence of all known particles and their interactions,
and the discovery of the Higgs boson in 2012 confirmed another of its predictions.
However, the Standard Model has its limitations, and the observed Higgs boson could
be part of an extended Higgs sector. The 2HDM predicts five Higgs-like bosons, and
the pseudoscalar Higgs A can decay into an h boson and a Z boson. Alternatively, the
HVT model predicts the existence of two new heavy vector bosons Z’' and W', and they

couple to the Standard-Model Z /W boson and the h boson.

The thesis described a search for a heavy resonance decaying into an h boson and a
Z boson in the final states of [~17bb/vwbb. The search is split into the 0-lepton channel
and the 2-lepton channel according to the number of the charged leptons in the final
states. The low-pr h boson candidates are reconstructed by two small-R jets, while
the two b-jets from the high-pr h boson candidates are collimated and the A boson is
reconstructed by one large-R jet. The b-jets are identified using b-tagging algorithms,
and the analysis selects events with at least one b-tagged jet. The events are selected by
cutting on variables such as the pr of electrons and jets, the reconstructed mass of the
Z boson and h boson candidates, missing transverse momentum and angular separations
between the reconstructed final-state objects. The my, sideband control regions are
defined using events outside of the h boson mass window, and the top control region is
defined by selecting events with one electron and one muon and without the requirement

on the missing transverse energy. The shape of all backgrounds is estimated by the MC
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simulation. The normalizations of the two largest backgrounds, the Z-jet background
and the top background, are determined by data, while the normalizations of other small
backgrounds are constrained to their Standard-Model prediction. The simulated events
in the signal region are reweighted using reweighting functions derived from the myy,

sideband control regions to improve the modelling of the background.

The thesis first described a cut-based approach which used my as the final dis-
criminator. The search probed the mass range from 220 GeV to 5 TeV, and its result
is compatible with the Standard-Model prediction. Upper limits on o(pp — Z' — Zh)
at the 95% CL are set from 0.9 pb at 300 GeV to 0.3 fb at 5 GeV. Upper limits on
o(gg = A — Zh) at the 95% CL are set from 0.6 pb at 220 GeV to 3 fb at 2 GeV.
Upper limits on (g9 — bbA — Zh) at the 95% CL are set from 0.5 pb at 220 GeV to
2.5 fb at 2 GeV. The limits are calculated using asymptotic formulas, and the difference
between the asymptotic limits and the pseudo-experiment limits are within 20%. The
distribution of the reconstructed A mass are smeared to estimate the distributions of
the large-width signals. The exclusion contours in the parameter space of the Type-I,
Type-II, Lepton-specific and Flipped 2HDMs are calculated using the upper limits on
cross section as a function of the bbA/ggA fraction and the natural width of the A

boson.

The thesis also explored the use of machine learning. Parametrized neural networks
are trained using the simulated background events and the simulated ggA signal events
in the 2-lepton channel. The neural networks use the RelLU activation function for
the input and hidden layers, while the Sigmoid function is used for the output layer.
The neural networks are trained using the binary cross entropy as the loss function,
and early stopping and dropout are used to avoid overtraining. The Hyperparameters
are optimized to improve the results. The analysis uses the output of the neural
network as the final discriminator. The comparison between the cut-based analysis
and the machine-learning-based analysis shows the neural network provides up to 60%
improvement of the expected upper limits for low-mass signals, while its performance is

similar to that of the cut-based analysis at high mass.

In addition to the resonance search, the thesis also described the simulation of
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the L1Calo trigger for the ATLAS Phase-I upgrade. The author was involved in the
development of the eFEX module which identifies e/ and 7 candidates using the energy
deposit in the calorimeters. The development of the e/~ algorithm module, the mapping
modules and the modules for the validation were discussed in the thesis.

The upcoming Run 3 and the High-Luminosity LHC upgrade will make it possible to
measure the Standard-Model and beyond-the-Standard-Model processes to unprecedented
precision. The proposed Future Circular Collider (FCC) [152] and Super Proton-Proton
Collider (SppC) [153] will allow searches for new particles with the proton-proton data at
a centre-of-mass energy beyond 100 TeV. In addition to collider physics, progress is also
being made in the measurement of neutrino properties and the searches for dark matter.
With new experiments and improved analysis techniques, particle-physics research will

continue improving our understanding of the Universe.
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