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Abstract

The work presented in this thesis consists of the first search for the associated

production of a top quark and a Higgs boson (tH) with the ATLAS detector at

the LHC. It also establishes an important contribution to the fast simulation of

the ATLAS detector.

A novel analysis of the tH process has been developed using the di-photon (H →
γγ) decay channel. The analysis is designed to simultaneously optimise sensitivity

to the Standard Model (SM) tH production, and to the scenario in which the top

quark Yukawa coupling to the Higgs boson has a negative sign. The ratio of the

measured and predicted cross-sections is reported as:

σtH/σ
SM
tH = 2.6+4.2

−3.2 = 2.6+3.7
−2.9(stat.)

+1.6
−1.1(syst.). (1)

An upper limit on the tH cross-section is set at 10 times the SM expectation,

and the negative values of the top quark Yukawa coupling are excluded at 2.2σ.

At the time of submission, these results apply the most stringent constraints on

the tH cross-section and the top quark Yukawa coupling.

The muon punch-through component of the ATLAS fast simulation tool,

AtlFastIII (AF3), has been developed. AF3 improves the speed of the ATLAS

detector simulation by a factor of 5, facilitating the production of large sets of

simulated data that aid in future ATLAS physics results.

Muon punch-through occurs when particles created in electromagnetic showers

in the ATLAS calorimeters are not fully contained. This can result in signatures

that may be mis-reconstructed as muons. Accurate modelling of this effect is

essential for understanding muon fakes and for hadronic jet calibration.

i



Lay Summary

The Standard Model of particle physics is a theory of the fundamental particles

of our Universe and their interactions. It describes nearly all known physical

observations at the smallest energy scale, and has stood up to over 50 years

of experimental scrutiny. Prior to 2012 the final missing component yet to be

discovered was the Higgs boson.

The Large Hadron Collider (LHC) was constructed with the primary motivation

of discovering the Higgs boson. The LHC is a superconducting particle accelerator

that accelerates protons to nearly the speed of light, and collides them head-on.

The proton collisions provide the conditions necessary to produce rare sub-atomic

particles. Observing these particles using detectors gives us a glimpse into the

sub-atomic world, and importantly helps us to understand the nature of the

Universe.

In 2012, the ATLAS and CMS experiments at the LHC announced the discovery

of the Higgs boson, completing the Standard Model. The discovery led to the

Nobel Prize being awarded to Peter W. Higgs and François Englert, for “the

theoretical discovery of a mechanism that contributes to our understanding of

the origin of mass of subatomic particles”. The profound role that the Higgs

boson plays in the Standard Model led to it receiving the nickname the “god

particle”.

With the Higgs boson discovered, efforts have shifted focus towards understanding

it further and measuring its properties. This thesis presents a novel analysis of the

properties of the Higgs boson that contributes to these efforts. The result is the

most sensitive measurement on the production of a Higgs boson in association

with a single top quark, and the most sensitive constraint on the interaction

between the Higgs boson and the top quark. These results contribute to the

further understanding of the SM and the Higgs boson.
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In particle physics, the fundamental processes and their interactions with the

detector are simulated to obtain a full understanding. The expectation of the

simulations are compared with observations and conclusions are made about

nature. However, these simulations are computationally expensive. Therefore,

a fast and computationally cheap alternative is in development. A significant

contribution is made towards this alternative; a component that models the muon

punch-through effect in the ATLAS detector. The fast simulation toolkit will

enable the future simulation program of the ATLAS experiment.
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pour la Recherche Nucléaire”).
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Chapter 1

Introduction

The final missing piece of Standard Model (SM) of particle physics was completed

when a Higgs like particle was discovered in 2012 by the ATLAS and CMS

experiments. Since discovery, experimental efforts have been geared towards

understanding the particle in detail, and discerning whether it really is the SM

Higgs boson. Part of the work completed for this thesis contributes to these efforts

using the ATLAS experiment, through a novel analysis of the rare single-top Higgs

(tH) process in the Higgs diphoton decay channel. At the time of writing this

thesis, the analysis set the most stringent constraints on the tH cross-section and

the top quark Yukawa coupling strength. The work advances the experimental

knowledge of the Higgs boson, and lays the foundations for future analyses of the

tH process using the ATLAS experiment.

Throughout the Run 3 operation of the Large Hadron Collider (LHC) and beyond,

the amount of data collected by the ATLAS experiment will significantly increase.

In this period, Higgs physics will move into the precision regime. However, in

order to analyse these large datasets to conduct precise measurements, enormous

sets of simulated data will be required. This presents an issue, as simulating

data is very computationally expensive and time consuming. To address the

issue, a fast and cheap alternative simulation solution has been developed for the

ATLAS experiment, AtlFastIII (AF3). AF3 uses a parameterised approach to

simulate the response of the ATLAS calorimeters, which are traditionally highly

computationally expensive. Part of the work completed for this thesis contributes

to AF3, developing a fast and accurate parameterised simulation of themuon

punch through (MPT) effect. This work will play an important role in the future

1



simulation program of the ATLAS experiment.

Part I presents the foundations on which the work in this thesis builds upon.

It also gives the reader the required knowledge to understand the results and

techniques that are presented throughout. Chapter 2 presents the particles and

forces of the SM, and how they can be described using Quantum Field Theory

(QFT). The largrangian formalism of QFT is then used to introduce the Higgs

mechanism and how it gives the other SM particles mass. Properties of the

Higgs boson are then discussed, including the dominant production and decay

modes of the Higgs boson at the LHC. Chapter 3 gives an overview of the LHC

and the ATLAS detector. Chapter 4 details the physical processes that happen

inside electromagnetic (EM) and hadronic showers, this information is essential

for understanding the MPT effect detailed in Part II. Finally, Chapter 5 gives a

brief overview of neural networks which are used in the work completed for this

thesis. The chapter covers the basics of how neural networks work, and some key

aspects one should consider when using them.

Part II details the MPT simulation that was developed for the ATLAS fast

simulation toolkit, AF3. Chapter 6 gives an overview of the simulation scheme

used by the ATLAS experiment, and discusses how AF3 is able to achieve fast

and accurate simulation of the ATLAS calorimeters. Chapter 7 then gives a

detailed account of the development of the MPT simulation for AF3, covering

the techniques that were used in its development, how it integrates within AF3,

and results showing its modelling performance.

Part III presents the novel analysis of the tH production process in the diphoton

decay channel. Chapter 8 gives an overview of the encompassing analysis in

which measurements of the Higgs boson properties in the H → γγ decay channel

are reported. Chapter 9 then presents the novel analysis of the tH process which

uses three neural network models to categorise events. Using these neural network

models, the analysis is able to simultaneously optimise for sensitivity to the tH

SM cross-section measurement, and the sign of the top quark Yukawa coupling

strength.

2



Part I

Foundations
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Chapter 2

The Standard Model

The Standard Model (SM) is arguably the most well-tested effective theory to

ever exist. It describes the physical interactions observed in nature at the smallest

accessible energy scale. The SM has been constructed over decades of theoretical

extension and experimental verification. Remarkably, the SM can describe almost

all experimental results in particle physics, making it one of the great triumphs

of modern science.

2.1 The Fundamental Particles and Forces

The SM describes the wide variety of physical phenomena that are observed at

the sub-atomic scale, with a set of fundamental particles and their interactions.

These fundamental particles are divided into two distinct groups: the fermions

which make up the matter content of our Universe, and the gauge bosons that

act as force carriers for interactions between fermions (Figure 2.1). The final

component is the Higgs boson, which plays a special role in the SM as it provides

the mechanism by which all other particles acquire mass (Section 2.3).

The fermions consist of quarks and leptons, and are categorised into three

generations of increasing mass. The electron (e±), muon (µ±), and tau (τ±)

leptons each have a charge of ±e, and a spin of 1
2
. For each of these leptons there

exists an associated neutrino: the electron neutrino (νe), muon neutrino (νµ),

and tau neutrino (ντ ). The masses of the neutrinos, and the hierarchy of their

masses are still experimentally undetermined. The final component to the matter
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fermions are the quarks. For each generation, there is an up-type and down-type

quark with non-integer charge +2
3
and −1

3
respectively. For each fermion in the

SM, there exists an antiparticle with opposite charge.

There are four spin-1 gauge bosons within the standard model, these are: the

photon (γ), the gluon (g), the W boson (W±), and the neutral Z boson (Z).

Each gauge boson is s mediator of one of the fundamental forces of nature. The

electromagnetic force is mediated by the photon, the strong force by the gluon,

and the weak force is mediated by the W and Z bosons. The particles of the SM

are shown in Figure 2.1.
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Figure 2.1 The particles of the standard model. Showing the three generations of
fermions, the four force-carrying gauge bosons, and the Higgs boson.
The quarks are shown in their mass eigenstates, and the leptons are
shown in their flavour eigenstates. Taken from [3].

2.2 Quantum Field Theories

The SM particles and their interactions are described mathematically using

Quantum Field Theory (QFT). QFT is a field theory that incorporates quantum

mechanics and the principles of the theory of relativity. The SM QFT combines

the strong interaction and the Electroweak (EW) interaction. The strong

interaction is described by Quantum Chromodynamics (QCD), and the EW
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interaction is described by the unification of Quantum Electrodynamics (QED)

and the weak force.

In QFT, particles are described as excitations of a quantum field ϕ(xµ) that

is a continuous function of space-time xµ, where µ = 0, 1, 2, 3 labels the four

dimensions of space-time. Throughout the rest of this section ϕ(xµ) may be

referred to as ϕ, where the dependency on space-time is implied.

In classical mechanics the dynamics of a physical system can be described by the

Lagrangian. Similarly, the dynamics of a quantum field can be described by a

Lagrangian density. The Lagrangian density L is related to the Lagrangian L by

L =

∫
L d3x. (2.1)

The Lagrangian density L will be referred to as simply the Lagrangian in the

following text for simplicity.

Using the principal of least action, the Euler-Lagrange equation applied to fields

can be shown to be

∂µ

(
∂L

∂(∂µϕ)

)
− ∂L
∂ϕ

= 0, (2.2)

where ∂µ is the partial derivative with respect to the space-time coordinates µ.

Solving the Euler-Lagrange equations for a given Lagrangian will result in the

equations of motion of the system.

As an initial example, we can look at the simple case for spin-0 scalar particles,

which are described as excitations of the scalar field ϕ that satisfies the Klein-

Gordon equation. The Lagrangian for the free non-interacting scalar field is given

by,

L =
1

2
(∂µϕ)(∂

µϕ)− 1

2
m2ϕ2 (2.3)

Solving the Euler-Lagrange equations (Equation 2.1) for this Lagrangian we then

arrive at the Klein-Gordon equation that describes the evolution of the system,

∂µ∂
µϕ+m2ϕ = 0. (2.4)
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Noether’s theorem states that every differentiable symmetry of the action of a

physical system with conservation forces has an associated conservation law [4].

Interpreted in terms of the Lagrangian describing a physical system, Noether’s

theorem states that if the Lagrangian is invariant under this symmetry then there

must exist a conservation law. In the SM, symmetries of nature are incorporated

into the Lagrangian. The resulting conservation laws correspond to the conserved

currents of the force-carrying particles.

The SM Lagrangian can be written as a sum of the QCD Lagrangian and the

EW Lagrangian,

LSM = LQCD + LEW . (2.5)

The conserved currents in the SM are described by the local gauge transformations

belonging to the symmetry group

SU(3)⊗ SU(2)L ⊗ U(1)Y . (2.6)

Where the SU(3) symmetry group corresponds to the conservation of colour

charge in the strong interaction, the SU(2) group corresponds to the conservation

of weak hypercharge in the EW interaction, and U(1) corresponds to the

conservation of weak hypercharge in the electromagnetic interaction. In the

following sections, we cover these symmetries in more detail, and how they result

in the interaction terms between the matter fermions and the force-carrying gauge

bosons.

2.2.1 Quantum Electrodynamics

QED is the QFT describing the electromagnetic interaction between the spin-1
2

fermions and the photon. The equations of motion for a free fermion are described

by the Dirac equation,

(iγµ∂µ −m)ψ = 0, (2.7)

where ψ is a Dirac spinor state with four components, γµ are the Dirac matrices,
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∂µ is the 4-dimensional differential operator and m is the mass of the fermion.

The corresponding Lagrangian of the free fermion is,

L = iψ̄γµ∂
µψ −mψ̄ψ, (2.8)

where ψ̄ is the adjoint spinor, defined as ψ̄ = ψ†γ0.

Suppose we introduce a local U(1) phase transformation ψ(x) → ψ′(x) =

Ûψ(x) = eiqθ(x)ψ(x), where q is electric charge. Under this transformation, we

expect the equations of motion to stay the same, reflecting the fundamental

symmetry of the universe that we observe. If we substitute this local phase

transformation into the free-particle Lagrangian equation we get the following:

L → L′ = ie−iqθ(x)ψ̄γµ[eiθ(x)∂µψ + iq(∂µθ(x))e
iqθ(x)ψ]−me−iqθ(x)ψ̄eiqθ(x)ψ

= L − qψ̄γµ(∂µθ(x))ψ
(2.9)

We can see that the new Lagrangian of the system differs by the term

qψ̄γµ(∂µθ(x))ψ. Therefore, the Lagrangian for a free-particle Dirac field is not

invariant under a U(1) local phase transformation. To establish the required

invariance we replace the derivative ∂µ with the covariant derivative,

∂µ → Dµ = ∂µ + iqAµ (2.10)

where Aµ is a new field. The required invariance is then satisfied if the new field

transforms as Aµ → A′
µ = Aµ − ∂µθ(x).

Hence the modified gauge invariant Lagrangian for a spin-half fermion takes the

form,

L = iψ̄γµ∂µψ −mψ̄ψ − qψ̄γµAµψ (2.11)

where the extra term −qψ̄γµAµψ represents the interaction between the free

fermion field and the new field Aµ which can be identified as the photon. This

is a profound statement, by requiring that physics is invariant under local U(1)
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phase transformations we can arrive at the interaction between the fermionic

matter and the photon.

Introducing the kinetic term for the photon −1
4
F µνFµν , the Lagrangian for QED

becomes,

L = iψ̄γµ∂µψ −mψ̄ψ − qψ̄γµAµψ − 1

4
F µνFµν , (2.12)

where Fµν is the electromagnetic field strength tensor defined as Fµν = ∂µAν −
Aν∂µ.

2.2.2 Quantum Chromodynamics

QCD is the QFT of the strong force, where the associated SU(3) symmetry leads

to the conservation of colour charge. The Lagrangian for a free quark can be

written as

L = iψ̄jγ
µ∂µψj −mψ̄jψj, (2.13)

where the index j represents a sum over all quark flavours.

Following the same methodology as for QED, but this time invoking the principle

of gauge invariance for the SU(3) symmetry, we arrive at the QCD Lagrangian

LQCD = iψ̄jγ
µ∂µψj −mψ̄jψj − gST

aγµGa
µψj −

1

4
Ga

µνG
µν
a (2.14)

Where Tα are the generators of the SU(3) symmetry group and are related to

the Gell-Mann matrices by

Tα =
1

2
λα, (2.15)

and gS is the strong coupling constant. Because the generators of the SU(3)

symmetry group are a set of 3x3 matrices, the fermion wavefunction must now

include three degrees of freedom. These degrees of freedom are labelled ’colour’,

where ’red’, ’blue’ and ’green’ label each state. The local phase transformation
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in the SU(3) group corresponds to ’rotating’ states in this colour space. The

local gauge invariance can be achieved by introducing eight new fields Ga
µ,

where the index a runs from 1 to 8, and each field corresponds to one of the

eight generators of the SU(3) symmetry. The term −gST aγµGa
µψj in the QCD

Lagrangian describes the interaction between the quark fields and the new gluon

fields. The term −1
4
Ga

µνG
µν
a contains the kinetic term for new the free gluon fields.

The gauge invariance holds provided that the new fields transform as,

Gk
µ → Gk ′

µ = Gk
µ − ∂µαk − gSfijkαiG

j
µ. (2.16)

The final term arises because the generators of the SU(3) group do not commute,

and the fijk are the structure constants of the group. The presence of this extra

term gives rise to gluon self-interactions in the SM.

2.2.3 Electroweak

In the 1960s, Glashow, Salam and Weinberg developed a unified model of the

electromagnetic (EM) and weak forces. The model remarkably predicts the

existence of the neutral Z boson. In the unified EW model the U(1) gauge

symmetry of QED is replaced with a new U(1)Y local gauge symmetry, and

the weak interaction is characterised by the symmetries under SU(2)L. Two

new quantum numbers are associated with each fermion: weak isospin T (the

conserved current of the SU(2)L group), and weak hypercharge Y (the conserved

current of the U(1)Y group). The electric charge Q is related to the weak isospin

and weak hypercharge by,

Q = T 3 +
Y

2
, (2.17)

where T 3 is the third component of weak isospin.

Only left-handed chiral fermion states and right-handed chiral anti-fermion states

participate in the weak interaction. These are defined as,

ψL =
1− γ5

2
ψ, and ψR =

1 + γ5

2
ψ, (2.18)
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where γ5 = iγ1γ0γ2γ3. Right (left) handed states are defined as having spin in

the same (opposite) direction to their momentum.

Following similar methodology used for QED and QCD under the unified

SU(1)Y ⊗ SU(2)L group we introduce four new vector fields to maintain gauge

invariance, Bµ and W a
µ where a = 1, 2, 3. The resulting Lagrangian is,

LEW = iψ̄jγ
µ∂µψj −mψ̄jψj − i

g′

2
Y γµBµψj − i

g

2
T aγµW a

µψj

−1

4
BµνB

µν − 1

4
W a

µνW
µν
a

(2.19)

where Y is the weak hypercharge, T a is the weak isospin, −ig′
2
Y γµBµψj is the

interaction term between the new field Bµ and left and right-handed fermions

with a coupling strength g′, and −ig
2
T aγµW a

µψj is the interaction term between

the new fields W a
µ and left (right) handed (anti-)fermions.

The kinetic terms for each of the new fields are defined by,

Bµν = ∂µBν − ∂νBµ,

and

Wµν = ∂µW
a
ν − ∂νW

a
µ − gϵabcW b

µW
c
ν .

(2.20)

The physical W bosons can be identified as the linear combinations of the first

two components of W a
µ ,

W±
µ =

1√
2

(
W 1

µ ∓ iW 2
µ

)
. (2.21)

The photon and Z boson are then written as linear combinations of the Bµ and

W 3
µ fields of the EW interaction,

Aµ = +Bµ cos θW +W 3
µ sin θW

Zµ = −Bµ sin θW +W 3
µ cos θW ,

(2.22)

where θW is the weak mixing angle. The mixing of the neutral fields of the U(1)Y

and SU(2)L gauge symmetries is a natural result of the Higgs mechanism.

Finally, the EW Lagrangian can be simplified by introducing the relevant
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covariant derivative Dµ = ∂µ − ig
′

2
Y Bµ − ig

2
T aW a

µ to be,

LEW = iψ̄jγ
µDµψj −mψ̄jψj −

1

4
BµνB

µν − 1

4
W a

µνW
µν
a . (2.23)

2.3 The Higgs Mechanism

So far we have introduced the Lagrangian formalism of the SM, including QCD

and the unification of the electromagnetic and weak forces. However, in this

description, there is no mechanism to give the W± and Z bosons mass. Simply

adding mass terms to the Lagrangian violates the required gauge invariance of the

theory. Instead, we need to give these bosons mass using a more subtle approach.

We introduce a weak isospin doublet of two complex scalar fields,

ϕ =

(
ϕ+

ϕ0

)
=

1√
2

(
ϕ1 + iϕ2

ϕ3 + iϕ4

)
(2.24)

where, the upper and lower component of the doublet differ by one unit of charge.

The Lagrangian for this doublet of complex scalar fields is,

L = (∂µϕ)
†(∂µϕ)− V (ϕ), (2.25)

with the Higgs potential,

V (ϕ) = µ2ϕ†ϕ+ λ(ϕ†ϕ)2. (2.26)

For the potential to have a minimum, λ must be greater than 0, however, there

is no such restriction for µ. If µ2 > 0 then the potential is has a single minima at

|ϕ|2 = 0. However, if µ2 < 0 then the potential has a set of infinite minima that

satisfy,

ϕ†ϕ =
1

2
(ϕ2

1 + ϕ2
2 + ϕ2

3 + ϕ2
4) =

v2

2
= −µ

2

2λ
. (2.27)

The Higgs potential can be visualised in the complex plane in Figure 2.2. We can

see that the vacuum state (minima of the potential) exists at an infinite number
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of points along a circle in the real and imaginary plane.

Figure 2.2 The V (ϕ) = µ2ϕ†ϕ+ λ(ϕ†ϕ)2 Higgs potential for the complex scalar
doublet where µ2 < 0. Taken from [5].

The physical vacuum state will correspond to a particular point on this surface,

breaking the U(1)Y ⊗ SU(2)L symmetry. Typically the minima is chosen so that

ϕ1 = ϕ2 = ϕ4 = 0 and ϕ3 = v, then the vacuum state becomes,

⟨0|ϕ|0|0|ϕ|0⟩ = 1√
2

(
0

v

)
. (2.28)

The fields can then be expanded about this minimum by writing,

ϕ(x) =
1√
2

(
ϕ1(x) + iϕ2(x)

v + η(x) + iϕ4(x)

)
. (2.29)

As a result of this spontaneous symmetry breaking, terms will be added to the

Lagrangian describing a massive scalar particle and three massless Goldstone

bosons. The three Goldstone bosons give the longitudinal degrees of freedom

of the W± and Z bosons. The derivation will not be covered here, but

these Goldstone bosons can be eliminated from the Lagrangian by making an

appropriate gauge transformation. In this unitary gauge the Higgs doublet can

be written as,

ϕ(x) =
1√
2

(
0

v +H(x)

)
. (2.30)

The resulting Lagrangian describes a real massive scalar boson and three massive

gauge bosons. The real scalar boson is the Higgs boson represented by the physical

Higgs scalar field H(x).
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The terms in the associated Lagrangian that give masses to the gauge bosons are,

1

8
v2g2W (W (1)

µ W (1)µ +W (2)
µ W (2)µ)

and

1

8
v2(gWW

(3)
µ + g′Bµ)(gWW

(3)µ − g′Bµ).

(2.31)

In the Lagrangian, the mass terms for the W (1) and W (2) spin-1 fields appear as

1

2
m2

WW
(1)
µ W (1)µ and

1

2
m2

WW
(2)
µ W (2)µ. (2.32)

We can therefore determine the mass of the W boson to be,

mW =
1

2
gWv, (2.33)

where gW is the SU(2)L gauge interaction strength, and v is the vacuum

expectation value of the Higgs field (Equation 2.28).

The mass term associated with the neutral W (3) and B fields can be written as,

v2

8
(gWW

(3)
µ + g′Bµ)(gWW

(3)µ − g′Bµ) =
v2

8

(
W

(3)
µ Bµ

)( g2W −gWg′
−gWg′ g′2

)(
W

(3)
µ

Bµ

)

=
v2

8

(
W

(3)
µ Bµ

)
M

(
W

(3)
µ

Bµ

)

(2.34)

where M is the non-diagonal mass matrix. The physical gauge bosons fields

correspond to the eigenvectors of M and their masses are then given by the

eigenvalues of M, where we find

Aµ =
g′W

(3)
µ + gWBµ√
g2W + g′2

with mA = 0

and

Zµ =
gW

(3)
µ − g′WBµ√
g2W + g′2

with mZ =
1

2
v
√
g2W + g′2.

(2.35)
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We see that the physical photon and Z boson fields are mixtures of the massless

bosons associated with the U(1)Y and SU(2)L local gauge symmetries. We see

that the Z boson has acquired mass through the Higgs mechanism, and the

photon has remained massless. If we write the ratio of the couplings of the U(1)Y

and SU(2)L gauge symmetries as

g′

gW
= tan θW (2.36)

then we arrive at the relationship in Equation 2.22 between the physical and

underlying fields.

The GSW model predicts that,

mW

mZ

= cos θW . (2.37)

meaning precise measurements of the weak mixing angle provide a stringent test

of the SM, EW unification and the Higgs mechanism. In the complete model

there are four parameters, the U(1)Y ⊗SU(2)L couplings g′ and gW , and the free

parameters of the Higgs potential µ and λ. By using the relation mW = 1
2
gWv,

and the measured values of gW and mW , the vacuum expectation value of the

Higgs potential is found to be

v = 246 GeV (2.38)

The parameter λ can be found by measuring the mass of the Higgs boson.

The coupling of the Higgs boson to the gauge bosons is proportional to the gauge

boson mass. For the W boson the coupling strength is

gHWW =
1

2
g2Wv = gWmW , (2.39)

and likewise for the Z boson coupling.
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2.4 Fermion Masses

The Higgs mechanism for the spontaneous symmetry breaking of the U(1)Y ⊗
SU(2)L gauge group of the SM is able to generate masses for the W and Z

bosons. Remarkably, it can also be used to generate the masses of the fermions

in the SM. In order to respect the U(1)Y ⊗ SU(2)L symmetry, the fermion mass

term in the Lagrangian has to take the following form:

L = −yf (ψ̄LϕψR + ψ̄Rϕ
†ψL) (2.40)

where yf is the Yukawa coupling of the fermion f , ψL is the left-handed chiral

doublet, ψR is the right-handed chiral singlet, and ϕ is the complex Higgs doublet.

More specifically for the electron field, we can write,

Le = −ye
[(
ν̄e ē

)
L

(
ϕ+

ϕ0

)
eR + ēR

(
ϕ+∗ ϕ0∗

)(νe
e

)

L

]
, (2.41)

where ye is the Yukawa coupling between the electron and the Higgs field. After

spontaneous symmetry breaking the Higgs doublet in the unitary gauge is,

ϕ(x) =
1√
2

(
0

v +H(x)

)
. (2.42)

and so the Lagrangian term becomes,

Le = − ye√
2
v(ēLeR + ēReL)−

ye√
2
H(ēLeR + ēReL). (2.43)

The first term can be identified as the mass-giving term for the electron, and the

second term as the interaction between the electron field and the scalar Higgs

field. Therefore the electron Yukawa coupling with the electron mass is related

by,

ye =
√
2
me

v
. (2.44)

16



So far we have seen that the Higgs doublet can generate masses for the fermion

in the lower component of the SU(2)L doublet. This presents an issue when

we consider doublets of up and down type quarks. This can be remedied by

constructing the conjugate of the Higgs doublet ϕc, which will not be shown here.

We find that for all Dirac fermions, gauge invariant mass terms can be constructed

from either

L = −yf
[
L̄ϕR + (L̄ϕR)†

]
or yf

[
L̄ϕcR + (L̄ϕcR)

†] , (2.45)

where L and R represent the left and right-handed fermion doublet or singlet.

These terms give rise to both the mass of the fermions and the interactions of

the fermions with the Higgs boson. The Yukawa couplings of the fermions to the

Higgs field are given by,

yf =
√
2
mf

v
. (2.46)

2.5 Connecting Theory to Predictions

Ultimately the theories introduced in the previous sections of this chapter are

used to make predictions of physical processes in the SM. Using the ATLAS

experiment the predictions are tested experimentally. This section gives a brief

overview of how predictions are made about collisions at the LHC.

The SM QFT is used to calculate cross-sections which describe the probability

that certain particles are produced in a collision. The cross-section calculation

of proton collisions at the Large Hadron Collider (LHC) is split into two

components: the scattering cross-section of the interacting partons (calculated

using perturbative QCD), and the cross-section of obtaining the incoming partons

from the original colliding protons (modelled using parton distribution functions

(PDF)s). The calculation can be split in this way because of the QCD

factorisation theorem [6]. As an example, the calculation of the cross-section

of the gluon-gluon fusion Higgs boson production mode is given by the following

equation,
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σpp→HX =

∫ 1

0

∫ 1

0

g(x1)g(x2)σ(gg → H)dx1dx2. (2.47)

Where the calculation is comprised of the cross-section for the gg → H process

(σ(gg → H)), and the gluon PDF (g(x1) and g(x2), where x1 and x2 are the

fraction of the colliding protons momentum carried by each gluon).

To calculate the cross-section of two interacting partons, one starts from the free

field description of each parton and includes a potential term that describes the

interaction between them. The cross-section for the scattering is calculated as the

integration over all possible paths that result in the correct outgoing particles,

including all possible intermediate particle states. This integral is calculated as

a perturbation expansion that is typically convergent. The number of times the

interaction potential acts is the order of the perturbation expansion. Because the

expansion is convergent, as the order of the perturbative expansion is increased,

the accuracy of the prediction is increased. The lowest order calculation is referred

to as leading order (LO), and subsequent increase in order is referred to as next-to-

leading order (NLO) then NNLO and so on. Calculations are typically computed

to at least NLO accuracy.

The Feynman rules were devised by Richard Feynman in the 1940s to make

the construction of the scattering cross-section calculations easier. Incoming

particles, outgoing particles, intermediary particles and their interactions all

have associated Feynman rules. The accompanying Feynman diagrams provide a

diagrammatic description of the interaction and the calculation. In a Feynman

diagram, particles are represented by lines, with different types of particles (such

as fermions or photons) represented by different types of lines. Interactions

between particles are represented by vertices where two or more lines meet. The x

direction represents the time dimension, and the y direction represents the space

dimension. Antiparticles are interpreted as travelling backwards in time. The

integral over all possible paths in the cross-section calculation can be interpreted

as a sum over all possible Feynman diagrams for the interaction. Figure 2.3 shows

two example Feynman diagrams for the gg → H process at LO and NLO.

PDFs describe the probability of finding a parton with a certain momentum

fraction inside a hadron. PDFs cannot be calculated directly from QCD. Instead,

they are determined through a combination of experimental measurements and

theoretical models, such as global fits to data from deep inelastic scattering

18



H

g

g

t

Figure 2.3 Example Feynman diagrams for the gg → H process at LO (black
lines) and NLO (black and red lines).

experiments. Figure 2.4 shows an example graphical representation of a PDF,

where the gluon PDF used in the gluon-gluon fusion cross-section calculation is

is shown as g/10.

Figure 2.4 Example PDF at Q2 = 104 GeV2. The g/10 line is the gluon PDF
scaled down by a factor of 10. The width of the line represents the
uncertainty on the PDF. Taken from [7].

2.6 Properties of the Higgs Boson

The Higgs boson arises as a result of the Higgs mechanism. The Higgs boson

is a neutral scalar particle. Its mass is a free parameter of the SM given by

mH = 2vλ2, and so must be found experimentally.
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The Higgs boson couples to all fermions with a coupling strength proportional

to the fermion mass. It can therefore decay via H → ff , for all kinematically

allowed processes where mh must be greater than 2mf . We also saw that the

Higgs boson couples to the W± and Z gauge bosons, therefore if it is sufficiently

massive, it can also decay via H → W+W− or H → ZZ.

This proportionality of the coupling to mass determines the dominant processes

through which the Higgs is produced, and through which it decays. The Higgs

boson, therefore, couples preferentially to the most massive particles that are

kinematically accessible.

2.7 The Higgs Boson at the LHC

Before the turn-on of the LHC, the unexplored mass window for a SM Higgs

was fairly narrow. The lack of signal from the Large Electron Positron (LEP)

experiment implied that mH > 114 GeV and limits on quantum loop corrections

from precision EW measurements at LEP and the Tevatron suggested that mH ≲

150 GeV [8]. The discovery of the Higgs boson was therefore one of the main

aims of the LHC, and the main motivation for its construction.

2.7.1 Production Modes

The Higgs boson can be produced at the LHC in many different ways. Here

we outline the main Higgs boson production modes at the LHC and those that

are relevant to the analyses discussed in Part III. Feynman diagrams for each of

the production modes are shown, where the incoming quarks and or gluons are

constituents of the protons in the collisions at the LHC.

ggF

Gluon-gluon fusion (ggF) is the dominant Higgs production mode at the LHC,

where the Higgs is produced through a loop of virtual top quarks. The process

can be represented by the equation gg → H, the Feynman diagram is shown

in Figure 2.5. The ggF process contributes ∼87% of the total Higgs production

cross-section at the LHC.
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Figure 2.5 Example Feynman diagram for the ggF Higgs boson production
mode.

VBF

Vector Boson Fusion (VBF) production is important at the LHC. This is because

of the easily identifiable final state: two forward jets as a result of the break

up of the colliding protons, and the decay products of the Higgs. The process

can be represented by the equation qq′ → Hqq′, the Feynman diagram is shown

in Figure 2.6. The VBF process contributes ∼7% of the total Higgs production

cross-section at the LHC.

H

q

q

q

q

W±/Z

W∓/Z

Figure 2.6 Example Feynman diagram for the VBF Higgs boson production
mode.

VH

Higgs-Strahlung or V H production occurs when a vector boson (W± or Z),

created via the interaction of two quarks, radiates a Higgs boson. The process

can be represented by the equation qq̄′ → V H, the Feynman diagram is shown

in Figure 2.7. The V H process contributes ∼4% of the total Higgs production

cross-section at the LHC.
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Figure 2.7 Example Feynman diagram for the V H Higgs boson production
mode.

tt̄H

Top quark pair associated production or ttH can be initiated by gluons or

quarks from colliding protons, the Higgs is radiated from a top quark in the

interaction. The decays of the short-lived top quarks are usually searched for and

reconstructed. The process results in the production of many jets alongside the

decay products of the Higgs making it difficult to distinguish from backgrounds.

The Feynman diagram is shown in Figure 2.8. The ttH process contributes ∼4%

of the total Higgs production cross-section at the LHC.

H

g

g

t

t

t

t

Figure 2.8 Example Feynman diagram for the ttH Higgs boson production
mode.

bb̄H

The bb̄H process is similar to the ttH process, but the Higgs boson is produced

in association with two b-quarks. The process is very hard to separate from QCD

backgrounds at the LHC. It is not explicitly targeted in the analysis discussed in

Chapter 8 due to its similarity to the ggF process, however, it is considered when

conducting the analysis measurement. The bb̄H process contributes ∼1% of the

total Higgs production cross-section at the LHC.
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tH

Single top Higgs production or tH describes the production of a Higgs boson in

association with a single top quark. It is typically split into two sub-processes:

when the top and the Higgs are produced in association with a W boson (tHW ),

and when they are produced in association with a light quark and a b-quark

(tHqb) (Figure 2.9). The tH process contributes ∼ 0.1% of the total Higgs

production cross-section at the LHC, making it very rare.

These processes are of particular interest due to their sensitivity to the sign of

the top quark Yukawa coupling strength. This sensitivity is used to constrain the

allowed values of the top quark Yukawa coupling strength in the analysis detailed

in Chapter 9.

q q

H

g b t

b
κt

Figure 2.9 Example Feynman diagram for the tHqb Higgs boson production
mode.

Figure 2.10 shows the cross-section of each of the Higgs boson production modes

at the center of mass energies relevant to the LHC for a Higgs boson mass of

mH = 125 GeV.
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Figure 2.10 Cross-section of the primary Higgs boson production modes as a
function of centre-of-mass energy for a Higgs boson mass of mH =
125 GeV. Taken from [9].

2.7.2 Decays

The lifetime of the Higgs boson is extremely small. This means that its existence

has to be inferred through the observation of its decay products. The branching

fractions of the dominant Higgs boson decay modes are shown in table 2.1 for a

Higgs boson mass of mH = 125 GeV.

The decay modes with the largest branching fractions are those where the Higgs

couples to the most massive particles in the SM. Decays into a pair of WW ∗ and

ZZ∗ are kinematically allowed if one of the gauge bosons is produced off-shell.

Even though the gluon and photon are massless, the Higgs can decay into pairs

of each via a top quark loop. The Feynman diagram for a Higgs boson decaying

into a pair of photons is shown in Figure 2.11.

Despite the low branching fraction of the H → γγ decay channel, it provides

a high sensitivity to the Higgs boson. This is due to the clean signature of

two high-energy isolated photons that are easily identifiable in the typical QCD

background at the LHC. Part III presents the state-of-the-art ATLAS analysis in

this decay channel.
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Decay mode Branching Fraction

H → bb 5.824× 10−01

H → WW ∗ 2.137× 10−01

H → gg 8.187× 10−02

H → τ+τ− 6.272× 10−02

H → cc 2.891× 10−02

H → ZZ∗ 2.619× 10−02

H → γγ 2.270× 10−03

H → Zγ 1.533× 10−03

H → µ+µ− 2.176× 10−04

Total Width [GeV] 4.088× 10−03

Table 2.1 Branching fractions of the dominant Higgs boson decay modes for a
Higgs mass of mH = 125 GeV [10]

H

γ

γ

t

Figure 2.11 The Feynman diagram for the Higgs boson decaying into a pair of
photons via a top quark loop.

2.7.3 Discovery

On the 4th of July 2012, the ATLAS and CMS experiments announced the

discovery of a boson consistent with the SM Higgs boson [11, 12] using proton-

proton (p-p) collision data at a centre-of-mass energy of
√
s = 7 and 8 TeV.

Searches were conducted in the five decay modes: γγ, ZZ∗, WW ∗, τ+τ− and

bb. The highest sensitivity was achieved in the H → γγ and H → ZZ∗ → 4ℓ

channels, due to their distinguishable signatures. In both of these channels,

the mass of Higgs boson candidate is reconstructed with high sensitivity. The

combined mass of the Higgs boson candidate was later measured to be,

mH = 125.09± 0.21 (stat)± 0.11 (syst) GeV [13]. (2.48)

The discovery of the Higgs boson completed the SM picture that we know today

(Figure 2.1). However, it marked only the start of a rich physics program at the

LHC.
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Chapter 3

The ATLAS Experiment

The European Organisation for Nuclear Research (“Conseil Européen pour la

Recherche Nucléaire”) (CERN) was set up in 1954 as a European research

organisation of particle and nuclear physics. It now houses the Large Hadron

Collider (LHC); the largest particle accelerator ever created. Four main

experiments are situated along the LHC ring. This chapter will give an

overview of the ATLAS experiment, including the ATLAS detector, physics object

reconstruction, and upgrades.

3.1 The Large Hadron Collider

The LHC is a superconducting hadron accelerator located at CERN in Geneva.

It is installed in a 26.7 km tunnel that was originally constructed for the Large

Electron Positron (LEP) experiment. The tunnel lies underground at depths

varying between 45m and 170m below the surface.

The LHC ring is connected to the CERN accelerator complex by two transfer

tunnels, The tunnels inject proton beams travelling in opposite directions around

the ring, contained by two separate beam pipes. These proton beams are

accelerated to the required energy by a series of smaller accelerators: initial proton

bunches are accelerated by LINAC2, and the booster, PS, and SPS accelerator

rings before injection into the LHC tunnel (figure 3.1). A final “ramp up” phase

is completed inside the LHC tunnel to accelerate the proton bunches to their final

energy.
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The LHC is designed to collide proton beams up to a center of mass energy of
√
s = 14 TeV and at a luminosity of 1034 cm2s−1. It can also collide heavy ions

with an energy of
√
s = 2.8 TeV and a peak luminosity of 1027 cm2s−1 [14]. In

Run 1, between 2010 and 2012 the LHC operated at a center-of-mass energy of
√
s = 7 TeV and 8 TeV. Throughout Run 2, in 2015-2028 the LHC operated at

a center of mass energy of
√
s = 13 TeV.

The proton beams collide at four interaction points on the LHC ring; a particle

detector is situated at each point. The ATLAS and CMS particle detectors are

general-purpose detectors, the LHCb detector is a forward arm detector designed

for accurate b-physics and the ALICE experiment is designed around the high

multiplicity conditions arising when colliding heavy ions.

Figure 3.1 Diagram illustrating the accelerator complex at CERN. Taken from
[15]

27



3.2 Runs, Luminosity & Pile-Up

The event rate dN/dt of a physical process created in collisions is given by:

dN/dt = Lσevent. (3.1)

Where σevent is the cross-section of the process in question, and L is the

instantaneous luminosity.

The luminosity of the LHC depends on many parameters related to the proton

beam. For a Gaussian beam distribution, the instantaneous luminosity is given

as,

L =
N2

b nbfrcv
4πσ∗

xσ
∗
y

F =
N2

b nbfrcvγr
4πϵnβ∗ F (3.2)

where Nb is the number of particles per bunch in the proton beam, nb is the

number of bunches per beam, frcv = 11.25 kHz is the revolution frequency,

and F is the geometric luminosity reduction factor due to the crossing angle

at the interaction point (IP). For circular beams at the IP the beam sizes in

the horizontal and vertical plane σ∗
x and σ∗

y are identical, they can therefore be

expressed as σ∗
xσ

∗
y = β∗ϵn/γr, where γr is the relativistic gamma factor, ϵn is the

normalised transverse beam emittance, and β∗ is the beta function at the IP [16].

The integrated luminosity measures of how many collisions occurred over a defined

time period. It is defined as the integral of the instantaneous luminosity over

this time period. The LHC Delivered, ATLAS Recorded, and Good for Physics

integrated luminosity throughout Run 2 is shown in Figure 3.2 (a). The Good

for Physics integrated luminosity of 139 fb−1 defines the amount of data available

for Run 2 physics analysis.

Within each bunch crossing the number of proton-proton (p-p) collisions that

occur is referred to as the pile-up. Typically, per bunch crossing, only one p-

p collision will result in a hard scatter interaction that is of physics interest,

other soft collisions result in Quantum Chromodynamics (QCD) backgrounds and

present a challenge for object reconstruction (Section 3.10). The mean number

of interactions per crossing recorded by the ATLAS detector throughout Run 2

is shown in Figure 3.2 (b).
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Figure 3.2 The LHC Delivered, ATLAS Recorded, and Good for Physics
integrated luminosity (a). The mean number of interactions per
bunch crossing measured by the ATLAS detector for the Run 2 period
(b) [17].

3.3 The ATLAS Detector Overview

The ATLAS detector is a general-purpose particle detector designed to operate

in the high luminosity conditions of the LHC. The high luminosity and energy of

the LHC allow for more precise measurements of QCD, electroweak and flavour

interactions. These expectations, along with the concrete goal of observing the

Higgs boson were used as benchmarks in its design [16].

These considerations led to a set of general requirements for the ATLAS detector:

• fast, radiation-hard electronics and sensor elements

• high granularity

• large acceptance in pseudorapidity

• good charged particle momentum resolution and vertex detection

• very good electromagnetic (EM) calorimetry for photon and electron

identification

• full coverage hadronic calorimetry for jet and Emiss
T measurements

• good muon identification

• highly efficient triggering
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The following sections cover the ATLAS coordinate system the magnet system

and the design of each detector component. A computer model of the ATLAS

detector can be seen in Figure 3.3. The bulk of the detector is cylindrical, where

the region forming the lateral surface of the cylinder is called the barrel, and the

two faces of the cylinder are called the end-caps.

Figure 3.3 Cut away computer model of the ATLAS detector, showing each of
the detector components. Taken from [16].

3.4 The Coordinate System

A unified coordinate system is used to describe the ATLAS detector and the

particles created in p-p collisions. The origin is positioned at the nominal

interaction point, the z -axis is aligned with the beam direction, and the x-y plane

is perpendicular to the z -axis. The positive x -axis points towards the center of

the LHC ring and the positive y-axis points upwards. The positive z -axis is in the

direction of the A-Side of the ATLAS detector. The azimuthal angle ϕ ∈ [−π, π]
is measured in the x-y plane around the beam axis, where the positive x -axis

direction corresponds to ϕ = 0, and the positive y-axis corresponds to ϕ = π/2.

The polar angle θ ∈ [0, π] is defined, where the positive z -axis corresponds to

θ = 0. Finally, pseudorapidity η is defined, given by Equation 3.3 [16].
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η = − ln tan(θ/2) (3.3)

The coordinate system is summarised in Figure 3.4.

IP
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x

η = 0

η > 0
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ϕϕϕ

θ

η

ϕϕϕ

center of
the LHC

Figure 3.4 The coordinate system used to define the ATLAS detector and
physics objects. Taken from [18].

Variables that further describe physics objects are defined in this coordinate

system. The transverse momentum (pT ), defined as the magnitude of a particle’s

momentum perpendicular to the beam axis, is given by,

pT =
√
p2x + p2y. (3.4)

∆R is used extensively in the reconstruction of objects, overlap removal, and

the definition of variables used in machine learning models. It is defined by the

following equation,

∆R =
√
∆η2 +∆ϕ2. (3.5)

3.5 Magnet System

The ATLAS magnet system consists of one solenoid in the barrel region of the

detector, and three toroids, one in the barrel and two in the endcap regions of

the detector. These four large superconducting magnets allow for particle charge
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identification and momentum measurement in the ID and MS by bending the

flight path of charged particles.

The single solenoid magnet surrounds the ID, providing a 2T axial magnetic

field. The three toroidal magnets provide magnetic fields across each of the

MS components. The barrel toroid surrounds the calorimeters and both endcap

toroids generating the necessary magnetic field for the MS. The barrel toroid

provides 1.5 to 5.5 Tm of bending power in the pseudorapidity range 0 ≤ |η| ≤ 1.4,

and the endcap toroids, approximately 1 to 7.5 Tm in the region 1.6 ≤ |η| ≤ 2.7

[16].

3.6 Inner Detector

The inner detector (ID) is responsible for the momentum and trajectory

measurements, and vertex tagging of charged particles as soon as they emerge

from the IP. With approximately 1000 particles created every 25 ns within

η ≤ 2.5, the ID needs a very high resolution. This is achieved using thee

complimentary sub-detectors and technologies: the Pixel detector, the silicon

microstrip semi-conductor tracker (SCT), and the Transition Radiation Tracker

(TRT) [16]. Each ID component can be seen in Figure 3.5.

The high granularity of the pixel detector and the SCT at the inner radii

provide high-resolution tracking capabilities. At larger radii, the TRT allows

for continuous tracking to enhance the Pixel and SCT, whilst also improving

momentum resolution and particle identification [16].
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Figure 3.5 Cut away computer model of the ID in the barrel region, showing
each of the detector components. Taken from [16].

3.6.1 Pixel Detector

The Pixel detector is the first detector a particle encounters on its flight path. It

uses silicon pixel technology that can provide the necessary position resolution at

the scale of tens of microns. The pixels each have a size of 50 µm in the R − ϕ

direction, and 400 µm in the z direction. Charged particles traversing the pixels

excite electron-hole pairs which are swept to opposite electrodes. The electrical

signal is read out as a hit [16]. The Pixel detector was initially constructed from

3 layers in the barrel and the end-cap, however, in 2014 the insertable B-layer

(IBL) was installed in the barrel region at 33 mm from the beam axis. The IBL

improved the resolution of the Pixel detector close to the beam axis [19].

3.6.2 SCT Detector

The SCT uses the same semiconductor technology as the Pixel detector. It is

composed of four cylindrical layers of silicon strip detectors in the barrel region,

and 9 circular layers in the end-cap regions. The strip sensors have an 80 µm pitch,

a length of ∼6 cm, and a thickness of ∼285 µm. The strips are grouped in pairs,

in a back-to-back fashion, rotated at a stereo angle of 40 mrad. This arrangement
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significantly improves measurement resolution in the z direction. Due to their

remarkable resolution hits in the SCT are referred to as “space-points” [16].

3.6.3 TRT Detector

The TRT uses a straw tube detector technology. The straws have a diameter

of 4 mm. In the barrel straws are aligned with the beam axis, whereas in the

end-cap they are positioned in wheels perpendicular to the beam radii. The

straws are filled with Xenon gas, and a gold-plated tungsten anode wire runs

down their middle. Charged particles traversing the tube will ionize the gas,

creating electron-ion pairs. The negatively charged electrons drift towards the

anode wire, accelerated by the electrical field. The electrical pulse is read out

as a signal. In addition to providing spatial measurements of charged particles,

the TRT can also be used for particle identification. The straws in the TRT

are interleaved with polypropylene fibers in the barrel, and foils in the endcaps.

When a relativistic charged particle traverses the boundary between the materials,

transition radiation photons are emitted. The photons are absorbed by the gas

in the straws and an additional signal is read out. Particles with a higher Lorentz

factor (γ = E/m) will induce significantly larger signals. Paired with an energy

measurement, the signal can be used to distinguish between pions and electrons

[16].

3.7 Calorimeters

A cutaway view of the calorimeter system in the ATLAS detector is shown in

Figure 3.6. The calorimeters cover the large pseudorapidity range of |η| < 4.9,

each using different technologies suited to the wide range of physical processes of

interest. The fine granularity of the EM calorimeter compliments that of the ID,

allowing for precise identification and measurements of electrons and photons.

The surrounding hadronic calorimeters are more coarse, but provide sufficient

precision for jet and Emiss
T measurements. The physical processes that occur in

EM and hadronic showers are detailed in Chapter 4.
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Figure 3.6 Cut away model of the different calorimeters in the ATLAS detector.
Taken from [16].

3.7.1 LAr Electromagnetic Calorimeters

Two components comprise the EM calorimeters, these are: the barrel calorimeter

(|η| < 1.475), and the two end-cap calorimeters (1.375 < |η| < 2.5). The EM

calorimeter uses a lead-Liquid-Argon (LAr) technology, arranged in an accordion-

like structure which allows for complete ϕ symmetry without any azimuthal

cracks, and fast signal extraction (Figure 3.7). The lead strips act as an absorber

causing incident particles to shower. Secondary particles created in the shower

then ionize the LAr active material creating a large number of electrons that are

collected at the electrodes. The electrons are interpreted as signals, and a proxy

for the energy deposited.
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Figure 3.7 Sketch of an EM calorimeter barrel module where the layers and
accordion structure are clearly visible. Taken from [16].

3.7.2 Hadronic Calorimeters

The Tile calorimeter sits directly outside the EM calorimeters and covers

the barrel region of the detector. The tile calorimeter is comprised of two

sections, these are: the tile barrel calorimeter (|η| ≤ 1.0), and the extended

barrel calorimeter (0.8 ≤ |η| ≤ 1.7). Each is a sampling calorimeter, made up

of steel as the absorber and scintillating tiles as the active material. The sides

of the scintillating tiles are read out by wavelength-shifting fibers feeding into

photomultiplier tubes.

The LAr hadronic end-cap calorimeter (HEC) consists of two independent

wheels per end-cap. They sit directly outside of the EM endcap calorimeters and

cover the pseudorapidity region (1.5 ≤ |η| ≤ 3.2). The calorimeters use copper

as the absorber material and LAr as the ionising material.
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The LAr forward calorimeter (FCal) covers the most forward regions of the

detector (3.1 ≤ |η| ≤ 4.9). It provides benefits to calorimetric coverage and

reduces radiation background levels in the muon spectrometer. The FCal consists

of three modules in each endcap: the innermost is made of copper and is optimised

for EM measurements, while the other two are made of tungsten and designed for

hadronic measurements. Each is made up of a matrix of absorber rods parallel

to the beam axis and LAr as the active medium. This geometry allows for fast

measurements in the high flux forward region.

3.8 Muon Spectrometer

The MS consists of precision-tracking monitor drift tube (MDT) chambers in the

barrel region (η ≤ 1.05), positioned in and around eight coils of superconducting

toroid magnets. The endcap (1.05 ≤ η ≤ 2.7) sections of the MS lie in front

and behind the endcap toroid magnets. The innermost detector in the endcap

region is instrumented with cathode strip chambers (CSCs) instead of MDTs to

withstand higher rate and background conditions. A trigger system, covering the

range |η| ≤ 2.4 consists of Resistive Plate Chambers (RPCs) in the barrel region

and Thin Gap Chambers (TGCs) in the endcap regions. These trigger chambers

serve multiple purposes: providing bunch-crossing identification, well-defined pT

thresholds, and allow for the improved measurement of muons, orthogonal to that

of the MDTs and CSCs.

A cross-section of the MS in the y − z plane is shown Figure 3.8, where each of

the detectors described above can be seen.
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Figure 3.8 Cross-section of the MS in the y-z plane, where dashed lines
show pseudorapidity contours. BIL, BML, and BOL stand for
Barrel Inner Layer, Barrel Middle Layer, and Barrel Outer Layer
respectively. A similar description is used for the endcap layers.
Taken from [16]

.

3.9 Trigger System

The LHC operates at the design bunch crossing rate of 40 MHz. However, due to

hardware and storage limitations, the ATLAS experiment cannot record data for

all collisions. The rate is reduced to ∼1 kHz using a two-layered trigger system

that ensures only collisions that are of physics interest are saved. The trigger event

selection is based on physics signatures, such as the presence of energetic leptons,

photons, jets or Emiss
T . The trigger system also exploits topological information

and multivariate methods [20].

The trigger system used throughout Run 2 operates using two components:

• The Level-1 Trigger (L1) consists of the L1Calo and L1Muon subsystem

triggers that process inputs from the calorimeters and the Muon Spec-

trometer (MS). In addition, the L1Topo trigger performs topology-based

selections using inputs from the calorimeter and the MS. The L1 trigger

cuts down the event rate from 40MHz to a maximum of 100kHz.

• The High-Level Trigger (HLT) is a software-based trigger that is

applied to events that pass the L1 trigger selections. These events are

temporarily buffered, and a limited online object reconstruction is applied.
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The HLT then decides if the events should be permanently saved for

analysis, reducing the rate of recorded events on average to ∼1 kHz.

3.10 Reconstruction and Physics Objects

Particles produced in the p-p collisions interact with the components of the

ATLAS detector leaving signatures. Using these signatures, the following physics

objects are reconstructed.

3.10.1 Tracks

Tracks play a key role in of the reconstruction of interaction vertices, the removal

of pile up, the flavour tagging of jets, and the reconstruction of charged particles.

They are formed from the signatures left in the ID by charged particles originating

from the p-p collisions at the IP [21, 22]. The track reconstruction algorithm

performs the following steps:

• Formation of space-points: Clusters of energy deposits in the Pixel and

SCT, and drift circles in the TRT are transformed into 3D space-points.

• Track finding seeded by space-points: Sets of three space-points

reconstructed in the Pixel and SCT are used to form seeds, these can either

be Pixel-only, SCT-only, or Mixed seeds. Seeds are required to pass pT

and impact parameter resolution cuts, and to match a fourth trajectory

compatible space-point. A Kalman filter [23] is applied to complete the

track candidates.

• Ambiguity solving: Tracks are ranked using a track-score that is based

on aspects such as cluster quality, number of holes in the track, and

χ2 penalisation for tracks with a poor fit. The logarithm of the track

momentum is also combined into the track-score to favour higher energy

tracks. The track-score is then used to remove any ambiguity with tracks

that share clusters, favouring tracks with a higher score.

• TRT extension: Finally, track candidates are extended to include space-

points in the TRT if there is a match. A track refit is then performed to

improve momentum resolution.
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The components of the track reconstruction algorithm are illustrated in Figure

3.9.

Figure 3.9 Illustration of the components that are used to reconstruct tracks.
Taken from [24].

3.10.2 Primary Vertex

Efficient and precise reconstruction of the primary vertex, defined as the point

at which a p-p interaction occurred, is essential in the analysis of data collected

at the LHC. The primary vertex is used when deciding on which reconstructed

particles and objects originated from the underlying hard process.

The primary vertex reconstruction algorithm uses tracks that have passed a set

of quality requirements as detailed in [25]. Using these tracks, a seed position for

the first vertex is selected. The tracks and vertex seed are then used to fit the best

vertex position. This is applied iteratively, down-weighting less compatible tracks,

and updating the vertex position until the final vertex position is determined.

On completion, incompatible tracks are removed and are available to use in the

selection of an alternative vertex. A vertex is required to have at least two

compatible tracks. This process is repeated until all tracks are associated to a

vertex, or no additional vertex can be found for the remaining tracks. The output

of the vertex selection algorithm is a set of vertices, their coordinates, and their

associated tracks.
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3.10.3 Topo Clusters

Energy deposits inside the calorimeters are topologically-grouped into topo-

clusters. These topo-clusters form the basis of the reconstruction of physics

objects such as electrons, photons, and jets. The topo-clusters are formed by

first selecting a calorimeter cell seed that has an energy deposit of more than 4σ

of energy, where σ is the average amount of noise expected in the cell. All adjacent

cells that contain at least 2σ of energy are then grouped into the cluster. This

process is repeated until there are no more adjacent 2σ cells. The topo-cluster

is completed by adding all adjacent calorimeter cells irrespective of their energy.

The process is often referred to as 4-2-0 reconstruction, reflecting the energy

requirements of adjacent cells [26].

3.10.4 Electrons and Photons

Topo-clusters and tracks form the input of the reconstruction of electrons and

photons in ATLAS. The algorithm starts by considering topo-clusters in the entire

calorimeter system. A cut is applied on the fraction of energy detected in the EM

calorimeters to isolate topo-clusters that are primarily the result of EM showers.

These clusters are used to create Regions of Interest (ROIs) within the ID where

the standard tracking (Section 3.10.1) reconstruction is performed [27].

Track-matching for electron candidates is then performed on the loosely-matched

tracks in a bremsstralung-aware refit to the EM clusters. A photon conversion

vertex reconstruction is also performed on the loosely-matched tracks, and they

are matched to topo-clusters. With this completed, a supercluster algorithm is

run separately in parallel for electrons and photons. The supercluster algorithm

accumulates satellite clusters together with a main seed cluster to form larger

clusters. This allows for the recovery of low-energy photons radiated due to

bremsstralung, that can cause satellite energy deposits in the calorimeters. A

diagram illustrating the supercluster algorithm is shown in Figure 3.10.

Superclusters are built by first selecting the topo-clusters to be used as seeds.

Topo-clusters are sorted by pT such that higher pT seeds only collect lower pT

satellites. For a topo-cluster to become an electron supercluster seed it must have

a minimum energy of 1 GeV and must be matched to a track with ≥ 4 hits in the
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Figure 3.10 Diagram illustrating the supercluster algorithm. Taken from [27]

silicon tracking detector. To become a photon supercluster seed a topo-cluster

must have an energy of at least 1.5 GeV [27].

With the supercluster seeds identified, the satellite matching procedure begins,

where all remaining topo-clusters are examined. There is no pT requirement

placed on the satellite clusters, other than they must have a smaller pT than the

seed cluster. For both electrons and photons, a cluster is considered a satellite if

it falls in within a window of ∆η ×∆ϕ = 0.075× 0.125 around the seed cluster.

For electrons, an additional satellite cluster search is performed using a window of

∆η×∆ϕ = 0.125×0.3 around the seed cluster barycentre. Within this window, a

cluster is considered a satellite if it has ≥ 1 matched tracks, and the best-matched

track is shared with the seed cluster. This approach is summarised in Figure 3.11.

For converted photons, a cluster is added as a satellite if: it has the same

conversion vertex as the seed cluster, or a track match that is part of the

conversion vertex of the seed cluster. Only the best-matched tracks and

conversion vertices are used for the matching.

When all satellite clusters have been found, the process is repeated for the next

highest pT seed cluster. However, if it has already been used as a satellite, it is

skipped. The process continues until all clusters have been examined [27].

As a result, the electron and photon reconstruction algorithm returns two

collections of particles: the electron collection, and the photon collection. There

is initially an overlap in each collection, where the analyser can choose to give

preference to either electron or photon reconstruction efficiency.
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Figure 3.11 Diagram illustrating the procedure used to add satellite clusters to
a supercluster. Taken from [27]

3.10.5 Jets

The vast majority of inelastic p-p collisions at the LHC result in the production of

quarks and gluons [26]. The quarks and gluons undergo hadronisation, creating

collimated streams of particles. Inside the ATLAS detector, these particles

deposit energy inside the calorimeters. The collections of calorimeter energy

deposits are reconstructed as jets, which give a useful representation of the original

underlying process.

Topo-clusters are used as inputs to the anti-kt algorithm [28] to reconstruct jets.

A particle flow algorithm associates ID tracks with the topo clusters. If an

association is made, the momentum measurement of the topo cluster is replaced

with the more accurate momentum measurement from the ID track. Using this

approach improves jet resolution and pile-up stability.

Two different R distance parameters are used when reconstructing the jets. Jets

representing quarks and gluons typically called small-R jets use R = 0.4, and jets

representing hadronically decaying massive particles are labeled large-R jets and

use R = 1.0. Large-R jets are necessary to fully contain the energy deposited by

massive hadronically decaying particles. However, these large-R jets are much

more sensitive to pile-up effects, due to the jet radius covering much more of

the calorimeter volume. Large-R jets are therefore groomed using the trimming

procedure defined in [29].
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Jet-Vertex-Tagger (JVT) The high pile-up conditions of collisions at the

LHC result in challenges for identifying jets that arise from the hard process.

Additional collisions, unrelated to the hard-scatter event, result in a background

of soft energy deposits that have adverse and complex effects on jet reconstruction

[30]. A jet vertex tagger is applied to jets to aid in distinguishing those that

originate from the hard process from those from QCD backgrounds.

Flavour-Tagging The identification of jets containing b-hadrons and c-hadrons,

referred to as b-jets and c-jets, is vital [31]. Jets are flavour-tagged using

the DL1r algorithm [32], which uses a neural network that makes use of low-

level information. The low-level information includes: track impact parameters,

secondary vertex reconstruction, and displaced vertex information. These

variables take advantage of the displaced decays of b and c hadrons due to their

long lifetime.

3.10.6 Muons

Muons are reconstructed primarily from tracks in the ID and the MS supple-

mented by information from the calorimeters. The reconstruction is initially

performed independently using information from the ID and the MS, this

information is then combined to form the muon tracks that are used in physics

analyses. In the ID, muons are reconstructed like any other charged particles

[33].

Muon reconstruction in the MS Hit patterns inside the MS detector chambers

are used to reconstruct muon segments inside the different detector layers. A

Hough transform [34] is used to search for hits aligned on a trajectory in the

bending plane of the ATLAS detector. The segments inside the MDT are

reconstructed by performing a straight-line fit to the hits found in each layer.

The RPC and TGC detectors measure the coordinate orthogonal to the bending

plane. In the CSC detectors, segments are built using a separate combinatorial

search in the η and ϕ planes. A loose requirement is made in the search algorithm

on the compatibility of the track with the IP [33].

A segment-seeded combinatorial search is then used to reconstruct muon track

candidates by fitting together hits from segments in the different MS detector
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layers. The algorithm starts first with segments in the middle layers of the MS

detector where more trigger hits are available. The search is then expanded

to use the segments from the outer and inner layers. When building a track

segments are selected based on their hit multiplicity and fit quality. At least two

segments are required to build a track, except in the barrel-endcap transition

region of the detector, where a single high-quality segment can be used. Several

track candidates can be built using the same segment. Later an overlap removal

procedure is applied which selects the best track associated with the seed segment,

or allows the segment to be shared between two tracks.

Segment hits are fitted using a global χ2 fit to construct the tracks. Muons

reconstructed using only information from the MS are referred to as stand-alone

muons.

Combined Reconstruction Four different types of muons are reconstructed

using various different algorithms applied to the information inside the ID, MS

and calorimeters:

• Combined (CB) muon: track candidates are reconstructed indepen-

dently in the ID and MS. A global refit is then performed using the segments

from both of the track candidates. Segments can be added or removed in

this step if they improve the fit quality. Typically an outside in procedure

is used, where segments in the MS are fit, and the track is extrapolated to

the ID.

• Segment-tagged (ST) muons: a track candidate in the ID is identified

as a muon if when extrapolated it matches at least one segment in the MS

MDT of CSC chambers. Segment tagged muons are reconstructed when a

muon segment exists in only one of the MS layers, either because of low pT

or because they fall into a detector region with reduced MS acceptance.

• Calorimeter-tagged (CT) muons: a muon is reconstructed if a track

candidate in the ID can be matched to a calorimeter energy deposit that

is consistent with a minimum-ionizing particle. CT muons have the lowest

purity, but this reconstruction allows for acceptance recovery in the regions

where the MS is only partially instrumented.

• Extrapolated (ME) muons: a muon is reconstructed only from MS

information if the trajectory of the track passes a loose requirement on
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compatibility with the IP. The trajectory calculations takes into account

estimated energy losses of the muon in the calorimeters. Segments in at

least two of the MS layers are required, except in the forward region which

requires three. These ME muons are mainly used to recover acceptance in

the region 2.5 ≤ |η| ≤ 2.7 which is not covered by the ID.

An overlap removal procedure is applied across each of the different muon types

before producing a collection of muon objects that are used in physics analyses.

When two types of muons share the same ID track candidate preference is given

in the following order: CB muons, ST muons, CT muons. ME muons overlap

is resolved by analysing the fit quality of tracks and selecting the track with a

better fit quality and larger number of hits.

3.10.7 Missing Transverse Momentum

Missing Transverse Momentum (MET) (Emiss
T ) serves as an important proxy for

the transverse momentum carried by undetected particles originating from the

collision event. In Standard Model (SM) processes MET typically serves as a

proxy for any neutrinos in the event.

MET is comprised of two components: the component associated with the hard

objects in the event, and the component associated with soft objects in the event.

The hard component is constructed using fully reconstructed and calibrated

particles and objects. The soft component is constructed using charged-particle

tracks associated with the hard-scatter vertex [35]. MET is then defined as the

negative sum of the components px(y) of the transverse momentum vectors (pT)

of the hard and soft objects in the event. The MET components in each of the

transverse directions Emiss
x(y) are defined by,

Emiss
x(y) = −

∑

i ∈ hard objects

px(y),i −
∑

j ∈ soft objects

px(y),j. (3.6)

From this definition the following set of observables that are defined,

Emiss
T = (Emiss

x , Emiss
y ), (3.7)
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Emiss
T = |Emiss

T | =
√

(Emiss
x )2 + (Emiss

y )2, (3.8)

ϕmiss = arctan (Emiss
y /Emiss

x ). (3.9)

3.11 Upgrades

Since the ATLAS detector first started collecting data in 2008, it has undergone

a number of hardware upgrades. In the Long Shutdown 1 (LS1) period, between

Run 1 and Run 2, the most significant upgrades were: the insertion of the IBL

(Insertable B-Layer), and the reduction of the diameter of the beam pipe at the

ATLAS interaction point [19].

The LHC has recently completed Long Shutdown 2 (LS2), where a number of

upgrades have taken place in preparation for Run 3. The most significant upgrade

was the installation of the New Small Wheel (NSW) which replaced the small

wheel, located as the innermost layer of the forward MS that was used throughout

Run 1 and Run 2. The NSW is able to trigger on moderate momentum leptons

in the high background environment throughout Run 3 and the HL-LHC [36].

After Run 3, upgrades to the ATLAS detector will be performed in anticipation

of the high-luminosity LHC (HL-LHC). Significant upgrades include the Inner

Tracker (ITk) [37], the optional high-granularity timing (HGTD) detector [38],

and upgrades to the ATLAS trigger system [39].
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Chapter 4

Particle Showers

Calorimetry is a detection principle used extensively throughout particle physics

to measure the energy of electrons, photons, and hadrons. Calorimeters are

instrumented materials, designed to absorb incoming particles. The incoming

particle interacts with the dense material and produces a shower of secondary

particles. These secondary particles interact with the active material and deposit

energy which is detected as either charge or light. The charge or light serves as

a measurement for the energy of the incoming particle [40].

In this section, the evolution of electromagnetic (EM) and hadronic interactions

of particles in materials is described. This information is key to understanding

the work detailed in Part II.

4.1 Electromagnetic Showers

EM showers describe the evolution of energy loss of electrons and photons when

traversing dense material. The dominant source of energy loss of electrons with an

energy greater than ∼ 10 MeV is bremsstrahlung. For photons in the same energy

range the dominant source of energy loss is pair-production. At energies above

1 GeV both of these processes become roughly energy-independent. As a result,

an incident electron or photon with sufficient energy will produce secondary

photons by bremsstrahlung, or electrons and positrons by pair-production. These

secondary particles in turn produce more particles by the same mechanisms. The

process is repeated, creating a shower of particles. The number of particles in the
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shower increases until the energy of the electron component falls below a critical

threshold. Energy is then lost mainly through ionisation, and does not result in

the creation of more particles [40]. An example of the typical evolution of an EM

shower is shown in Figure 4.1

Figure 4.1 The typical evolution of a EM shower. Taken from [41].

The characteristic longitudinal and lateral profile of an EM shower in a material

can be described by a single parameter, the radiation length X0.

X0(g/cm
2) ≃ 716gcm−2A

Z(Z + 1) ln (287/
√
Z)

(4.1)

Where Z is the atomic number of the material, and A is the weight of the material.

The radiation length is defined by the rate at which electrons lose energy by

Bremsstrahlung. It represents the average distance that an electron needs to

travel in a material to reduce its energy to 1/e of its original energy E0.

⟨E(x)⟩ = E0e
−x/X0 (4.2)

Similarly, a photon beam is reduced to 1/e of its initial intensity after travelling
9
7
X0 of distance through the material.

⟨I(x)⟩ = I0e
−(7/9)(x/X0) (4.3)

The longitudinal and lateral profile of EM showers of different energies as a

function of the radiation length X0 are shown in Figure 4.2. Where the Molière

radius is related to the radiation length by RM = 0.0265X0(Z+1.2). The Molière
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radius is a characteristic constant of a material and gives a useful measure of

lateral shower development.

Figure 4.2 The energy deposited as a function of depth for 1, 10, 100 and 100
GeV electron showers developing in a block of copper. In order to
compare the shower profiles, the integrals of these curves have been
normalised to the same value (a). The radial distributions of the
energy deposited by 10 GeV electron showers in copper, at various
depths (b). Results of EGS4 calculations. Taken from [42].

4.2 Hadronic Showers

Hadronic showers are much more complex than EM showers. This is due to

hadronic and nuclear interactions that produce a multitude of effects. Typically

an incident hadron will traverse the material, and after an average distance it

will interact strongly with the atoms in the material. This average distance is

called the interaction length and is related to the mass of the material A by the

following.

λint ≈
35cm

ρ
A1/3 (4.4)

The interaction produces secondary hadrons that typically carry a large fraction

of the energy of the incident hadron. Another significant fraction of the incident

energy is consumed by nuclear processes. The result of the interaction is a cascade

of particles referred to as the hadronic shower.

Typically a hadronic shower will have an EM component and a hadronic
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component. The EM component is initiated by effects such as the creation of

electrons and photons from the excitation of atoms, radiation, and the decay

of hadrons. The EM component can also be initiated via the decay of neutral

hadrons such as the neutral pion decay π0 → γγ. The hadronic component is

initiated though effects such as the decay of charged hadrons, the break-up of

nuclei, and the production of neutrons [40]. The typical evolution of a hadronic

shower is illustrated in Figure 4.3.

Figure 4.3 The typical evolution of a hadronic shower. Taken from [41].

Due to the complex nature of hadronic showers, large fluctuations in the

longitudinal and lateral profiles are observed. This can result in a significant

fraction of particles created in hadronic showers not being fully contained within

a calorimeter, an effect referred to as punch-through (Part II).
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Chapter 5

Neural Networks

Machine Learning (ML) describes the use and development of computer systems

that are able to learn and adapt without following explicit instructions, by using

algorithms and statistical models to analyse and draw inferences from patterns

in data. It has had profound success in the field of particle physics, and presents

exciting prospects for its future [43]. The highly complex problems and data

in particle physics make the field uniquely suited to ML algorithms. They are

extensively used across nearly all aspects of the ATLAS analysis chain: from

the initial trigger, in detector simulation, and to state-of-the-art analyses. This

section will cover the foundations of neural networks, a popular type of machine

learning algorithm that is used in the work completed for this thesis.

5.1 Neural Networks

Neural networks are a powerful tool in learning non-linear functions and

relationships, often achieving better performance than more classical approaches

[44]. The name originates from their analogy to connected biological neurons,

where “signals” propagate from one neuron to another.

A neural network is constructed from a collection of neurons that are connected

by weights w, and are modulated by biases b. Each neuron has an activation value

that is determined by these weights and biases. Neurons are arranged in layers,

where all neural networks must contain an input layer and an output layer, and

generally contain a number of hidden layers. An illustration of two fully connected
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neural network layers is shown in Figure 5.1. The Figure also details how the

activation values of the neurons in one layer depend on the weights, biases, and

activations in the previous layer.
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Figure 5.1 Illustration of two fully connected neural network layers, showing
how the activation values of each neuron in layer 1 depend on the
weights, biases, and activations in layer 0. Taken from [18].

The complete network maps an input feature space x = (x1, x2, ..., xn) to an

output space y = (y1, y2, ..., ym) by propagating values through the network of

weights and biases. To allow the network to apply non-linear mappings between

x and y, a non-linear activation function σ(a) is applied to the activation of the

nodes in the hidden layers of the network.

5.1.1 Learning Algorithm

Data is fed through a neural network, using the data a learning algorithm trains

its behaviour. There are two steps in the learning algorithm, these are called,

back-propagation and optimisation.

Back-propagation refers to the process of updating the weights and biases in the

network. In supervised learning, the weights and biases are updated so that the

prediction of the neural network more closely matches its target value. Closeness

to the target value is measured using a loss function. As an example, the Binary
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Cross-Entropy loss function, used in binary classification tasks, is detailed. The

BCE loss and is given by the following equation,

BCE =
1

n

n∑

i=1

yi log(p(yi)) + (1− yi) log(1− p(yi)) (5.1)

where n represents all of the data samples considered when calculating the loss,

yi is the true class of each sample (either 1 or 0), and p(yi) is the prediction of

the neural network.

During training, the loss is computed over each batch of data. The gradient of

the weights and biases are calculated with respect to the loss. The optimiser

algorithm guides the neural network model on how to update the weights and

biases using this gradient information. This process is repeated on consecutive

batches of data, each time the weights and biases are updated to improve the

models prediction. After the neural network has seen all batches of data the

process is repeated, each repetition of the full dataset is called an epoch. The

training cycle continues until the model is terminated, or reaches some user-

defined performance threshold.

5.1.2 Setup

There are many components that enter the setup of a neural network. Specific

choices are influenced by the nature of the data, objective, and often trial and

error. The following detail some of the commonly considered components and

best practices of setting up a neural network model.

Data is divided into training, validation and test sets. The model is exclusively

trained on the training dataset and validated after each epoch using the validation

dataset. Finally, when training is complete, the model performance is tested using

the test dataset. This approach allows for the checking of under/overfitting of

the model, and any biases.

Feature Scaling is applied to the input features of the neural network model

to ensure that they span the same order of magnitude. This helps the neural

network learn. In the neural network model developed in Chapter 7 a min-max
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feature scaling is used that linearly scaled features to lie in a defined range.

Class Weights are used when there is an imbalance in the number of samples

of each class in the data. The weights enter the loss calculation, ensuring the

contribution of each class is equal.

Batch Normalisation is often used as a pre-processing step before each layer

in the neural network. It ensures that the inputs to each node are normalised to

the same order of magnitude. This helps the neural network learn and avoid the

exploding gradient problem.

Hidden Layers are used in neural network models. The term refers to any layers

of the model between the input and output layers. Neural network models with

hidden layers are considered “deep”. The hidden layers, along with the hidden

activation allow the model to learn complex multi-dimensional relationships.

Hidden Activation functions are applied to the hidden nodes of the neural

network. They apply a non-linear transformation to the activation value of

the node. The hidden activations allow the neural network to learn non-linear

relationships.

Final Layer Activation functions are applied to the output nodes of the neural

network. The choice of activation function depends on the objective of the neural

network. For binary classication models the sigmoid activation is typically used,

for regression models the linear activation is typically used.

The Optimiser is responsible for updating the weights and biases in the model

using the gradient information. The ADAM (Adaptive Moment Estimation) [45]

optimiser is the current most popular choice because of how well it performs. It

uses momentum information information from past training iterations to inform

updates to the weights and biases.

Regularisation techniques are used to try and avoid overfitting. An example is

the Dropout regularisation, used in the neural networks developed in this thesis.
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During training a random set of nodes, and associated weights and biases, are

excluded from the back-propagation step. This forces the neural network to use

a different set of nodes, and can help it to generalise.

Callbacks are used to perform actions after each training step (typically an

epoch). Examples are: the ReduceLearningRateOnPlateau callback which reduces

the learning rate of the optimiser if the loss has not decreased after a defined

number of training steps, and the EarlyStopping callback that stops the training

of the neural network if if the loss has not decreased after a defined number of

training steps. Both are used in the neural networks developed in this thesis.

Hyperparameter Tuning is often conducted when fine-tuning the performance

of a neural network model. Hyperparameters of the neural network, such as

the number of nodes, the number of layers, and the hidden activation function

are optimised. A Bayesian hyperparameter tuning was conducted for the neural

network models detailed in Chapter 9.
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Part II

A Fast Simulation Solution for

the Muon Punch Through Effect
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Chapter 6

Simulation in ATLAS

Analyses of data collected by the ATLAS experiment rely on the accurate

simulation of physics processes. This includes simulation of the initial hard

scatter event of interest, particle fragmentation and decay, detector interaction,

and detector response. ATLAS employs a chain of steps that simulate each of

these components.

This section will give an overview of the ATLAS simulation scheme, from event

generation, through to digitisation. It will then focus on the ATLAS fast

simulation tool, AtlFastIII (AF3) [2].

6.1 ATLAS Simulation Scheme

The simulation of physical processes that occur in the ATLAS experiment is

handled using a chain of steps. This allows each component to be factored out

and configured separately. An overview of the simulation chain is given in the

following points.

Event Generation is in the following at the core of the simulation chain, it

is responsible for modelling the fundamental interactions that take place in p-p

collisions at the LHC. Theoretical calculations of the underlying process are used

to construct a matrix element. These are typically calculated at LO or NLO

accuracy. Using the matrix element a set of particles, and their corresponding
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momenta are generated. Particles are then decayed or hadronised. The final

outgoing set of particles and their momenta are then passed on to the detector

simulation step.

Detector Simulation is responsible for modelling the interaction of particles

as they pass through the detector components. In the case of full -simulation,

particles take steps through the detector volumes. On each step interactions

between the particle and the detector components are modelled, contributing

to energy loss, momentum deflection, and the creation of secondary particles.

This approach to simulation is referred to as Monte-Carlo (MC). ATLAS uses

the Geant4 simulation toolkit [46] for the full -simulation of the ATLAS detector.

Full -simulation is the most accurate but also the slowest detector simulation

option. Fast-simulation however, models the response of the detector using a

parametric solution. Modelling is less accurate, however, computing time is

significantly reduced. The output of the detector simulation is the raw energy

deposited in each detector component.

Digitisation is the process where the response of the detector electronics is

simulated. The simulated data is converted into a format corresponding to that

of real data read out by the ATLAS DAQ system. The digitised output is then

passed through the same reconstruction steps as real data, as detailed in Section

3.10.

6.2 AtlFastIII (AF3)

AtlFast is a fast detector simulation solution developed for the ATLAS experi-

ment. It offers a fast and computationally cheap alternative to Geant4. Reducing

computational cost is important as for Run3 and the High-Luminosity LHC,

where computing resources become a limiting factor.

Throughout the Run2 phase of the LHC, the simulation of physics processes

required approximately 40% of the computing resources available to the ATLAS

experiment [47].

The vast majority of the computing time is spent simulating interactions in the

calorimeters. This is due to the intricate accordion structure of the calorimeters,
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Figure 6.1 Percentage of CPU time spent on different components of the
ATLAS analysis chain in 2018. Taken from [47].

and the complex development of electromagnetic and hadronic showers. In the

simulation of the top anti-top pair production, 80% of the simulation time is

spent modelling shower development in the calorimeters [48].

The latest version of AtlFast, AF3, is composed of different components. Each

each deal with the simulation of particles in different regions of the detector.

Figure 6.2 illustrates how each of these components come together to form the

full AF3 detector simulation package.

Figure 6.2 The configuration of the different simulation components that
comprise AF3. Taken from [2]

The simulation of different particle types are handled separately in AF3. A

different simulation scheme is used for electrons and photons, hadrons, and
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muons.

Geant4 is used to simulate the interactions of all particle types in the inner

detector - simulation in the inner detector is far less computationally expensive

than the calorimeters. Geant4 is also used to simulate muons throughout all

detector components, because they have a minimal interaction cross-section.

For the simulation of electrons, photons, and hadrons in the calorimeters, two

models are used, these are FastCaloSimV2 and FastCaloGAN. The simulation of

electrons and photons is handled entirely by FastCaloSimV2, and a combination

of FastCaloSimV2, FastCaloGAN, and Geant4 is used for the simulation of

Hadrons. FastCaloSimV2 uses a parameterised approach to model the calorimeter

response, whereas FastCaloGAN uses a deep learning approach using Generative

Adversarial Networks. The final component of AF3 is the muon punch through

(MPT) simulation. The development of the MPT simulation is covered in detail

in Chapter 7.

AF3 is able to achieve excellent simulation accuracy of electrons, photons and

hadrons. It makes important improvements in the modelling accuracy of physics

variables when compared to AtlFastII (AF2). Specifically the modelling of high

energy jets is vastly improved, this is achieved with the addition of FastCaloGAN

and improvements in the techniques used in FastCaloSimV2. AF3 also now

models the muon punch-through effect using the simulation methods detailed

in Chapter 7. The modelling of punch-through was not present in AF2. Details

of these modelling improvements can be found in [2].

AF3 also significantly reduces simulation time when compared to full simulation.

Figure 6.3 shows the average CPU time spent simulating single photons at three

different energies using Geant4, AF2, and AF3, in the ATLAS calorimeters. It

can be seen that for an 8 GeV photon AF3 is approximately 20 times faster

than Geant4, and for a 256 GeV photon, approximately 600 times faster. When

simulating all of the ATLAS detector components, the AF3 simulation results in

an approximate 5 times speed up when compared to Geant4 [2].
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Figure 6.3 Comparison of the CPU performance of AF3 with Geant4 and AF2.
The average CPU time to simulate an event is estimated using 10
000 single photons at 0.20 < |η| < 0.25 for three different energies:
8 GeV, 65 GeV, and 256 GeV. These photons are generated on the
calorimeter surface and provide a comparison for calorimeter-only
simulation time. Taken from [2].
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Chapter 7

Fast Simulation of the Muon

Punch-Through Effect

This chapter presents the muon punch through (MPT) simulation component

of AtlFastIII (AF3), which was developed for this thesis. The chapter covers

aspects such as dataset choice, event selection, and the statistical techniques that

are used to model the MPT effect. Excellent modelling accuracy is observed, and

is summarised in the results (Section 7.5).

The work here is based on that detailed in [49], but improved and redesigned for

the requirements of AF3 and Run 3 of the Large Hadron Collider (LHC).

7.1 The Muon punch-through Effect

The term MPT describes the effect where secondary particles created in particle

showers in the ATLAS calorimeters, aren’t fully contained. The escaping particles

are named punch-though particles. The punch-though particles travel into the

Muon Spectrometer (MS) leaving track signatures that can be missidentified as

muons (Figure 7.1). Punch-through also impacts the energy calibration of high-

energy jets. The punch-through effect is therefore important to model in the AF3

simulation.

The punch-through effect is almost completely dependent on hadronic showers

in the calorimeters. This is because hadronic showers are much more elongated
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than electromagnetic (EM) showers, and fluctuations in shower depth are larger

[42] (Chapter 4).

Figure 7.1 Schematic illustrating the MPT effect.

The ATLAS calorimeters were designed taking into account the trade-off between

hadronic shower containment, and detector size and cost. Figure 7.2 shows the

results of studies that were completed for the ATLAS experiment. The energy

deposited by pions as a function length of the hadronic Tile Calorimeter was

investigated. It can be seen that the longitudinal shower depth is dependent

on the energy of the incoming pion. A significant fraction of the energy of the

incoming pion is deposited beyond 10 interaction lengths.

Figure 7.3 shows the material budget of the ATLAS calorimeters. It can be seen

that there is a significant dependency on η, and typically there is ∼ 10 interaction

lengths of calorimeter material before the MS (|η| < 3.0). It is therefore expected

that a significant punch-through will arise from high-energy hadrons.
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Figure 7.2 Average longitudinal shower profiles of pions of different energies in
the iron/plastic-scintillator calorimeter used in ATLAS. Taken from
[42].

Figure 7.3 Cumulative amount of material, in units of interaction length, as
a function of |η|, in front of the electromagnetic calorimeters (off-
yellow), in the electromagnetic calorimeters (labelled), and in the
hadronic calorimeters (labelled). Also shown for completeness is the
total amount of material in front of the first active layer of the muon
spectrometer (light-blue) (up to |η| < 3.0). Taken from [16].
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7.2 Punch-Through Parameterisation

The development of the AtlFast fast simulation tool is derived from fully-

simulated Geant4 samples. These samples are used to determine the energy

response of different particles inside the ATLAS calorimeters, and to derive the

parameterisation of the MPT effect. This section describes the analysis of these

Geant4 samples, where different aspects of the MPT effect are investigated. The

analysis is then used to derive a parameterisation of the effect for use in AF3

(Section 7.3).

7.2.1 Input Samples and Event Selection

A set of Geant4-simulated reference samples are used to create the AF3

calorimeter and MPT parameterisations. Single particle events are generated

at the entrance to the calorimeters, equating to the surface of a cylinder with

r = 1148 mm and |z| ≤ 3550 mm. This approach allows for the examination

of the energy response inside the calorimeters, without considering any effects of

the inner detector (ID). All detector components affecting shower development in

the calorimeters are considered, including the solenoid magnet and cryostat. A

detailed list of settings for the simulation of these reference samples can be found

in [2].

The initial momentum direction of the single particles is chosen to be consistent

with a particle that originated from the interaction point (IP). The impact of the

spread in the z direction of beam bunches is negligible. The single particles are

simulated with a uniform distribution in ϕ and η. Single-photon (γ) and electron

(e±) samples are simulated to model electromagnetic showers, and single-pions

(π±) are simulated to model hadronic showers [2].

The single-particle samples are divided based on η and initial particle momentum.

At each initial particle momentum, samples are simulated in 100 slices of |η|,
where each slice covers a pseudorapidity range of 0.05. The 100 samples in η

are simulated at a number of discrete initial particle momenta in the range of

16 MeV to 4.2 TeV. Intermediate momenta are derived using equal spacing on

a logarithmic scale. The segmentation allows for different modelling in different

momentum regimes and |η| detector regions. The result is a total of 5100 samples.

Ten thousand events are generated for each of these samples up to a momentum
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of 256 GeV, and 1000 events are generated above 256 GeV. This is due to the

significant simulation time needed for the higher-momentum samples.

Because only hadronic showers result in a considerable punch-through, the MPT

effect is parameterised using only the single-pion samples. Samples in the input

momentum range 8 GeV - 4.2 TeV are used, as there is minimal punch-through

below 8 GeV. Samples in the pseudorapidity range |η| ≤ 3.2 are considered,

allowing for full coverage of the MS (|η| ≤ 2.7). The result is 640 samples used

for the MPT parameterisation.

7.2.2 Particle Selection

The MuonEntryLayer is introduced in the Geant4 simulation of the ATLAS

detector as a cylindrical surface between the hadronic calorimeter and the MS.

The MuonEntryLayer records the position, momentum, energy, and Particle Data

Group particle numbering scheme (PDGId) of any particle that passes through it.

Particles recorded by the MuonEntryLayer are labeled Punch-Through Particles.

They are required to have their momentum direction towards the MS, this ensures

that back-scattered particles aren’t considered.

7.2.3 Punch-Through Frequencies

An important component to understand in the MPT effect is the frequency at

which certain events occur. The following are considered: the rate at which

punch-through leads to a significant signal in the MS, and the frequency and

type of Punch-Through Particles that exist.

Events that result in at least one reconstructed muon segment in the MS are

deemed significant. Figure 7.4 shows the probability that a single-pion event

leads to at least one reconstructed muon segment as a function of the incoming

pion momentum and pseudorapidity. As can be seen, there is a strong dependency

on the incoming pion momentum and |η|.

Figure 7.5 shows the frequency of punch-through particle types. The most

frequent punch-through particles are neutrons, protons, and pions, however there

is also a significant contribution from electrons, muons, photons, and kaons

(K+,K0,K0
S,K

0
L).
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Figure 7.4 The probability that an incoming single-pion creates at least one
reconstructed muon segment in the MS as a function of the initial
momentum and |η| of the incoming pion.
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Figure 7.5 The frequency of each punch-through particle type originating from
single-pion events with an momentum of 64 GeV - 4.2 TeV and in
the pseudorapidity range |η| ≤ 3.2.
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Figure 7.6 shows the multiplicity of punch-through neutrons originating from an

initial pion with 0.00 ≤ |η| ≤ 0.40 and an momentum of 262.144 GeV. It can be

seen that a significant number of events result in a high multiplicity of punch-

through neutrons. Similar distributions are observed for the other punch-through

particle types.
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Figure 7.6 The multiplicity of punch-through neutrons in single-pion events
with an incoming momentum of 262.14 GeV and in the eta range
0.00 ≤ |η| ≤ 0.40.

7.2.4 Kinematics of Punch-Through Particles

Five variables are chosen to describe the punch-through particles, these are:

energy, positional deflection in the θ and ϕ directions, and momentum deflection

in the θ and ϕ directions.

Particle Energy

Figure 7.7 shows the energy distribution of punch-through neutrons originating

from single-pion events with an incoming momentum of 262.14 GeV in the

pseudorapidity range 0.00 ≤ |η| ≤ 0.40.
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Figure 7.7 The energy of punch-through neutrons in single-pion events with an
incoming momentum of 262.14 GeV and in the eta range 0.00 ≤
|η| ≤ 0.40.

Position Deflection Angles

Two deflection angles are defined, ∆ϕ and ∆θ, for each angular direction in

the detector coordinate system. Two angles are used because of the complex

structure of the ATLAS calorimeters, where there may be a different response

in each direction. Figure 7.8 shows the ∆θ and ∆ϕ deflection angles of punch-

through neutrons originating from an initial pion with 0.00 ≤ |η| ≤ 0.40 and

momentum of 262.14 GeV.
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Figure 7.8 The deflection angles of punch-through neutrons in single-pion
events with an incoming momentum of 262.14 GeV and in the
pseudorapidity range 0.00 ≤ |η| ≤ 0.40. Deflection angle in the θ
direction (a), deflection angle in the ϕ direction (b).

Momentum Deflection Angles

Similarly, two momentum deflection angles are defined, ∆θp and ∆ϕp. These

are the difference in θ and ϕ between the punch-through particle position on

the MuonEntryLayer surface, and the direction of the punch-through particle

momentum. Figure 7.9 shows the ∆θp and ∆ϕp momentum deflection angles of

punch-through neutrons originating from an incoming pion with 0.00 ≤ |η| ≤ 0.40

and a momentum of 262.14 GeV.
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Figure 7.9 The deflection angles of punch-through neutrons in single-pion
events with an incoming momentum of 262.14 GeV and in the
pseudorapidity range 0.00 ≤ η ≤ 0.40. Momentum deflection angle
in the θ direction (a), momentum deflection angle in the ϕ direction
(b).

7.2.5 Correlations

Two types of correlations are considered, these are: correlations between the

kinematics used to describe each punch-through particle, and the correlation

of the punch-through effect to the energy deposited in the calorimeter by the

underlying hadronic shower.

Kinematics Correlations

Figure 7.10 shows the correlation between the five kinematic variables that were

chosen to describe each punch-through particle. The correlations are calculated

considering all punch-through particles produced by single-pions with input

momentum of 8 GeV - 4.2 TeV and in the pseudorapidity range |η| ≤ 3.2.

Significant correlations can be seen: large and positive between deflection angles,

and small and negative between the punch-through particle energy and each

deflection angle.
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Figure 7.10 The correlation between each of the kinematics of punch-through
particles originating from single-pions in the momentum range 8
GeV - 4.2 TeV and in the pseudorapidity range |η| ≤ 3.2.

Correlations to The Underlying Shower

The punch-through effect is correlated to the original hadronic shower inside the

calorimeters. For example, a hadronic shower that penetrates deeper into the

calorimeter is more likely to result in a significant punch-through. Because of the

large fluctuations in the longitudinal depth of hadronic showers, the magnitude of

the punch-through effect can be significantly different for identical hadrons. The

correlation of the punch-through to the hadronic shower is therefore important

to model.

Each of the ATLAS calorimeters are arranged in layers. The energy deposited

in each layer gives an indication of the longitudinal depth of a hadronic shower.

Figure 7.11 shows the fraction of energy deposited in the three layers of the

hadronic barrel calorimeter for single-pion events. The fraction of energy

deposited is shown for events that result in no reconstructed muon segments

and at least one reconstructed muon segment. It can be seen that events that

result in at least one reconstructed muon segment are more likely to deposit more

energy in the outermost barrel calorimeter layers, TileBar1 and TileBar2.

73



0.0 0.2 0.4 0.6 0.8 1.0
Fraction of energy deposited in TileBar0

10
6

10
5

10
4

10
3

10
2

10
1

10
0

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 0

.0
2

ATLAS Simulation Work in Progress
±, 8 GeV - 4.2 TeV, | | < 1.2

no muon segments
at least one muon segment

(a)

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of energy deposited in TileBar1

10
3

10
2

10
1

10
0

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 0

.0
2

ATLAS Simulation Work in Progress
±, 8 GeV - 4.2 TeV, | | < 1.2

no muon segments
at least one muon segment

(b)

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of energy deposited in TileBar2

10
6

10
5

10
4

10
3

10
2

10
1

10
0

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 0

.0
2

ATLAS Simulation Work in Progress
±, 8 GeV - 4.2 TeV, | | < 1.2

no muon segments
at least one muon segment

(c)

Figure 7.11 The fraction of energy deposited in the (a) Tile Barrel 0, (b) Tile
Barrel 1, (c) Tile Barrel 2 calorimeter layers in single-pion events
with an initial momentum of 8 GeV - 4.2 TeV in the barrel region
(|η| ≤ 1.2).
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7.3 Parameterisation

The punch-through parameterisation is made up of three main components,

these are: the punch-through classifier, the kinematics PCA, and the punch-

through paramterisation file. The punch-through classifier is a calibrated neural

network model that captures the correlation between the energy deposited in the

calorimeter layers, and the punch-through effect. The kinematics PCA rotates

the kinematic variables of the punch-through particles into a new basis, allowing

linear correlations to be captured. The paramterisation file acts as a lookup-table,

storing the frequency and kinematic PCA components of the Punch-Through

Particles. This section details the implementation of these three components.

Punch-through neutrons, pions, protons, electrons, muons, photons and kaons

are considered in the MPT parameterisation. These particles are selected due to

their frequency, and potential to leave a signature in the MS.

7.3.1 Punch-Through Classifier

To capture the correlation between the underlying shower and MPT effect, a

calibrated neural network model is trained. The model tries to predict whether

a single-pion event will result in at least one reconstructed muon segment. It

uses information about the incoming pion, and the amount of energy deposited

in each calorimeter layer. The calibrated neural network prediction is used as a

proxy for a probability inside the simulation.

Setup

The Keras [50] package is used to develop the neural network model. Single-

pion events are given binary labels indicating whether they result in at least one

reconstructed muon segment or not. The full set of single-pion data in the range

8 GeV - 4.2 TeV and |η| ≤ 3.2 is used to train, validate, test, and calibrate the

model. The data is first shuffled and then split into these exclusive sets. 28% of

the data is used to train the model, 12% for validation, 30% for testing and the

final 30% to calibrate the model.

Twenty-seven input variables are used, these are: the momentum, the absolute η,

and the ϕ of the incoming pion, the total energy deposited in all of the calorimeter
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layers, and the energy fraction deposited in each of the 23 calorimeter layers. All

input variables are scaled so that they lie in the range 0.2 to 0.8, using a min-max

scaling procedure.

The model consists of four hidden layers, the first three each have 54 nodes, and

the final hidden layer has 10. The hidden nodes of the network use the LeakyReLu

activation function with an α of 0.3. The final layer uses the sigmoid activation

function.

Training

The Binary Cross-Entropy (BCE) loss function, the ADAM optimiser with a

learning rate of 0.01, and a batch size of 256 are used when training the

network. The ReduceLearningRateOnPlateau and EarlyStopping callbacks are

used to ensure that the same minimum is reached each time the network is trained.

The Dropout regularisation technique is used with a probability of 0.05 to avoid

overfitting the model.

Figure 7.12 shows the training and validation loss of the network as a function

of the training epoch. It can be seen that the model reaches a minimum after

around 150 epochs where the EarlyStopping callback terminates training. The

validation loss gets less and less noisy as the training progresses, this is the result

of using the ReduceLearningRateOnPlateau callback. It can also be seen that

the validation loss is consistently less than the training loss, indicating that the

model is not overfitting.
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Figure 7.12 Training and validation loss as a function of training epoch for the
punch-through classifier.
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Performance

The performance of the trained model is evaluated using the ROC curve, and the

distributions of each class in the neural network discriminant (Figure 7.13). It

can be seen that the neural network is able to separate the two classes very well.

This is reflected in the AUC value of 0.96.
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Figure 7.13 Metrics to monitor the performance of the punch-through classifier
neural network model. Class separations in the neural network
discriminant (a). ROC curve (b).

Calibration

Currently, the neural network prediction is not guaranteed to be a good proxy

for probability. This can be tested using a calibration curve. Figure 7.14 shows

the calibration curve for the neural network model. It can be seen that the model

tends to overpredict the probability that an event should result in at least one

reconstructed muon segment. For a perfectly calibrated model, the curve will

exactly follow the diagonal.

An isotonic regression model is used to calibrate the output score of the neural

network. The isotonic regressor maps the output of the uncalibrated network so

that it closely matches the true probability of each class. Figure 7.15 shows the

calibration curve for the calibrated neural network model. It can be seen that the

model now very closely follows the diagonal indicating that it is well-calibrated.

Figure 7.16 shows the ratio between the average calibrated probability and

the average true probability for each single-pion momentum and η. In the

detector regions most likely to have punch-through, there is good agreement,
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Figure 7.14 Calibration curve of the punch-thorugh classifier neural network
output before calibration.
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Figure 7.15 Calibration curve of the punch-through classifier neural network
output after calibration.

with a maximum deviation of 25%. Modelling is worse in the regions where the

probability of punch-through is lower.
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Figure 7.16 Ratio of the neural network average predicted probability and true
probability as a function of input pion momentum and η.

7.3.2 Kinematics PCA

The correlations between the punch-through particle kinematics are captured

using a Principal Component Analysis (PCA). The PCA rotates the kinematics

into a new basis where any linear correlations are minimised.

The five kinematics are first transformed using a cumulative density function

(CDF) to approximate a Gaussian. Figure 7.17 shows each of the transformed

kinematics inclusively for all 9 punch-through particle types and their correla-

tions.

A PCA rotation is then applied to the transformed kinematic distributions,

where five principal components are used. Figure 7.18 shows the kinematics after

applying the PCA rotation. The explained variances captured by each principal

component are 43.28%, 21.22%, 18.47%, 10.43%, and 6.59% respectively. The

PCA rotation shows consistent behavior for each punch-through particle type,

input pion momentum, and input pion pseudorapidity.
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Figure 7.17 The five punch-through kinematics transformed to Gaussian
distributions. Plots are derived from all 9 punch-through particle
types originating from single-pion events in the range 8 GeV - 4.2
TeV and |η| ≤ 3.2.
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punch-through kinematics. Plots derived from all 9 punch-through
particle types originating from single-pion events in the range 8
GeV - 4.2 TeV and |η| ≤ 3.2.
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7.3.3 Parameterisation File

The parameterisation file contains a set of directories that segment the stored

information and allow it to be used as a lookup-table (Figure 7.19). A directory

is created for the frequency, and the 5 pricipal components of the each punch-

through particle type. Within each of these directories a set of CDF distributions

are stored, where each one models the indicated quantity for a specific momentum

and psudorapidity range. For example, the directory PCA0 PDG211, contains

the CDF distributions that model the first kinematic principal component of

punch-through pions. Within this directory, there is the CDF distribution

E65536 etaMin000 etaMax040 which models momentum of 65536 MeV and the

pseudorapidity range 0.00 ≤ |η| ≤ 0.40.

Figure 7.19 The structure of the MPT parameterisation file that stores the
frequency and kinematic principal components of different punch-
through particles. CDFs in each directory correspond to different
input momentum and pseudorapidity ranges.

7.4 Simulation of the punch-through Effect

The punch-through simulation is fully integrated into the ATLAS simulation

software framework as a standalone package and is used as default in AF3. This
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section describes how the parameterisations developed in Section 7.3 are used to

simulate the punch-through effect.

7.4.1 Simulation Scheme

The punch-through simulation is initialised when an incoming particle enters

the calorimeters. The punch-through simulation considers one incoming particle

at a time. If the particle meets certain requirements, then it is considered

further. Information about the particle and the calorimeter shower is then passed

through the punch-through classifier neural network. If classified to create a

punch-through, the simulation generates a set of punch-through particles using

the parameterisation file. These punch-through particles are then positioned on

the MuonEntryLayer and returned back to Geant4 for further simulation. The

following points describe each of these steps in more detail.

Check Incoming Particle

A particle that enters the calorimeters is checked to see if it meets certain

requirements. These requirements can be user-defined within the simulation code.

However, the default requires the particle to be either a pion, a proton, a neutron,

or a kaon with a momentum of ≥ 8 GeV and |η| ≤ 3.2. The simulation also checks

that the particle momentum direction is towards the MS. If the particle passes

all of these checks it is considered a punch-through initiator.

Predict Using the Punch-Through Classifier

The kinematic properties of each punch-through initiator, and the calorimeter

shower energy deposits are input into the punch-through classifier neural network

model. The punch-through classifier returns a calibrated probability score. A

random number is then drawn with a flat distribution between 0 and 1. If this

random number is less than the punch-through probability score then punch-

through particles are generated using the parameterisation file.
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Match Energy and Pseudorapidity

Punch-through initiators are matched to the CDFs stored in the parameterisation

file. First, the closest values are selected, then a linear interpolation is applied

to the |η| selection, and a linear interpolation in ln(momentum) is applied to the

momentum selection. These interpolated values are used to select the CDFs for

use in the following steps.

Number and Type of Punch-Through Particles

Random values are drawn from each selected frequency CDF to determine the

frequency of each punch-through particle type to generate. If relevant, a random

choice is made between creating the particle or antiparticle. The kinematics of

each of these punch-through particles is determined in the following steps.

PCA Components

For each punch-through particle, a set of five numbers is drawn the CDFs

corresponding to the principal components of the particle’s kinematics. The

inverse PCA transform is then applied to retrieve the energy and set of deflection

angles for each particle.

Particle Position and Momentum

The position of the punch-through particle on the MuonEntryLayer surface is

calculated using the deflection angles. The four-momentum of the particle is

calculated using the momentum deflection angles and the energy. A random

choice is made as to whether the deflection angles and momentum deflection

angles are positive or negative in θ and ϕ.

Pass to Geant4

The punch-through particles that are created are passed over to Geant4 for further

simulation in the MS.
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7.5 Results

The MPT simulation has been extensively validated throughout the development

process. In these validations, physics distributions are compared in events

simulated with AF3 and compared to Geant4 as a reference. The following section

displays some of these results.

7.5.1 Single-Pion Results

The MPT simulation is validated by simulating single-pion events. Single-

pions are simulated using the same initial particle setup as the input samples

(Section 7.2.1). Figure 7.20 shows the number of muon segments associated with

reconstructed jets in these events. There is excellent agreement between AF3 with

the MPT simulation and Geant4, it shows a vast improvement over AF3 without

the MPT simulation. The configuration of AF3 without the MPT simulation

can be considered as a proxy for AtlFastII (AF2) which does not include a MPT

simulation component.
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Figure 7.20 The number of ghost muon segments associated with jets
originating from single-pion events with an energy of 262.144 GeV
and 0.20 ≤ |η| ≤ 0.25. Geant4 is shown in blue, AF3 without
the MPT simulation is shown in orange, and AF3 with the MPT
simulation is shown in red.

7.5.2 Z’ Results

The MPT simulation is also validated by simulating Z ′ events. The Z ′ is a

hypothetical particle similar to the Z boson but much heavier. It has similar

decays to the Z boson, decaying to high energy hadrons ∼ 70% of the time. This

makes it a good process to test the punch-through simulation. Figure 7.21 shows

the number of muon segments associated with reconstructed jets in these events.

The agreement between AF3 with the MPT simulation and Geant4 is sufficiently

good when considering how rare the puch-through effect is, and is vastly improved

over AF3 without the MPT simulation. The configuration of AF3 without the

MPT simulation can be considered as a proxy for AF2 which does not include a

MPT simulation component.
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Figure 7.21 The number of ghost muon segments associated with jets
originating from Z’ events. Geant4 is shown in blue, AF3 without
the MPT simulation is shown in orange, and AF3 with the MPT
simulation is shown in red.

7.6 Summary

For this thesis, a fast simulation solution for the punch-through effect was

developed for AF3. The solution is able to capture the intricacies of the

punch-though effect, including: correlation to the underlying hadronic shower,

correlations in the kinematics of punch-through particles, and the complex

dependency of the punch-through effect on momentum and pseudorapidity. The

solution is able to accurately model the number of muon segments associated with

reconstructed jets in both single-pion events and Z ′ events. The muon-punch-

through simulation will be used extensively in the future fast simulation program

of the ATLAS experiment and will play a key role in meeting ATLAS computing

requirements.
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Part III

Constraining the Top Quark

Yukawa Coupling in tH

Production

88



Chapter 8

Measurement of the Higgs boson

properties in the H → γγ decay

channel

This chapter presents an overview of an analysis of 139 fb−1 of proton-proton (p-

p) collision data at
√
s = 13 TeV collected by the ATLAS experiment at the LHC,

published in [1]. The analysis reports measurements of the cross-sections of Higgs

boson production modes in the diphoton decay channel. The analysis is based on

101 signal regions, each targeting a different production mode and decay phase

space. This includes the novel treatment of the tHqb process, in which events

are categorised to maximise the analysis sensitivity to the sign of the top quark

Yukawa coupling as well as the Standard Model (SM) tH cross-section. The

development of this novel categorisation is part of the work completed for this

thesis, and is discussed in detail in Chapter 9. Using this approach the analysis

is able to exclude the κt = −1 hypothesis at 2.2σ whilst simultaneously setting

an upper limit on the tH cross-section at 10× the SM prediction.

The inclusive Higgs boson signal strength (defined as the ratio of the observed

cross-section to the SM expected cross section) in the diphoton decay channel

is measured to be 1.04+0.10
−0.09. Cross-sections for the gluon-gluon fusion, vector-

boson fusion, associated production with a W and Z boson, and top associated

production processes are reported (Section 8.6). The Higgs boson production

cross-sections are also measured according to the Simplified Template Cross

Sections (STXS) [51], comprising a total of 28 regions. Results are consistent
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with the SM predictions, with a p-value of 93%. The measurements are also used

to set constraints on the Higgs boson coupling strengths in the kappa framework.

The results presented in the kappa framework (Section 8.7) constitute part of the

work completed for this thesis.

The purpose of this chapter is to provide an overview of the analysis strategy and

results, giving enough information to understand the work in detailed chapter 9

and where it fits into the larger analysis.

8.0.1 Theoretical Frameworks

Simplified Template Cross-Sections

The STXS framework [51] is designed to be common across analyses and

experiments, with the aim of reducing theoretical uncertainties in measurements,

and ensuring results can be easily combined. The analysis targets the Stage 1.2

STXS binning scheme. Bins are defined at the particle level, in the fiducial Higgs

boson rapidity region |yH | < 2.5. Bins are mutually exclusive for each of the

Higgs boson production processes:

• the gg → H process, which includes ggF and gg → ZH followed by a

hadronic decay of the Z boson.

• the qq′ → Hqq′ process, which includes both VBF production and qq̄′ →
V H where the vector boson decays hadronically.

• the V (→ ℓℓ)H process, corresponding to the pp → V H process, where the

vector boson decays leptonically (in the case of ZH, both decays of the Z

boson to charged leptons and neutrinos are included)

• the top-associated production modes ttH and tH

Each production mode is split further into different regions based on the

kinematics of the Higgs boson, the associated jets, and the W and Z bosons.

Splits are also made on the number of jets, the number of leptons and the number

of top quarks in the event. The STXS 1.2 Scheme is summarised in Figure 8.1.
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Figure 8.1 Schematic showing the STXS 1.2 Scheme for the main Higgs boson
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Taken from [1].
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Kappa Framework

The couplings of the Higgs boson cannot be directly measured, however they

can be extracted from the measured cross-sections of Higgs processes. This is

performed by parameterising each of the SM Higgs production cross-sections

and partial decay widths by multiplicative factors called kappas. In the

parameterisation, it is assumed that there is only one underlying Higgs state

that is SM like [52]. The zero width approximation is used for the Higgs state,

and hence the signal cross-section of a given Higgs process is:

(σ ·BR)(ii→ H → γγ) =
σii(κ) · Γγγ(κ)

ΓH(κ)
(8.1)

where σii(κ) is the production cross-section through the initial state ii, Γγγ(κ) is

the partial decay width of the Higgs boson decaying to two photons, and ΓH(κ) is

the total width of the Higgs boson as a function of the kappa coupling modifiers.

Modifiers for the Higgs boson couplings to the W and Z bozon are denoted κW

and κZ , The couplings to the charm, bottom, and top quarks, and muon, and τ

leptons are denoted κc, κb, κt, κµ, κτ respectively. The couplings of the Higgs to

the other SM particles are assumed equal to their SM predictions.

The parameterisations of σii(κ), Γγγ(κ) and ΓH(κ) in terms of the individual

kappa modifiers is shown in Table 8.1. The ggF and H→ γγ processes can be

parameterised in terms of the resolved tree level Higgs boson couplings or by

the effective κg and κγ coupling modifiers. Both cases are considered in the

interpretation of results in this framework. The parameterisations of the partial

decay widths Γgg and ΓZγ are also considered as these have a significant impact

on the total Higgs width ΓH . The total Higgs width is expressed as a function of

the κ modifiers, assuming no contributions from Higgs boson decays other than

those present in the SM.

The tHqb and tHW production cross-sections are parameterised independently

in each analysis category by the expected signal yield. The parameterisations

take into account event shape differences that result in a category efficiency

dependency. The parameterisations constitute part of the work completed for

this thesis, and are discussed in more detail in Section 9.8.
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Table 8.1 The parameterization of the Higgs boson production cross-sections σii,
the partial decay widths Γγγ, Γgg and ΓZγ, and the total width ΓH ,
normalized to their SM values, as functions of the coupling-strength
modifiers κ. The parameterisation of the σ(tHW ) and σ(tHqb) cross-
sections are derived independently for each analysis category taking
into account acceptance effects. Other coefficients are obtained from
Refs. [10, 53]. Taken from [1].

Production Main Effective
Resolved modifier

cross-section interference modifier

σ(ggF) t–b κ2g 1.040κ2t + 0.002κ2b − 0.038κtκb − 0.005κtκc

σ(VBF) - - 0.733κ2W + 0.267κ2Z

σ(qq̄ → ZH) - - κ2Z

σ(gg → ZH) t–Z -
2.456κ2Z + 0.456κ2t − 1.903κZκt

− 0.011κZκb + 0.003κtκb

σ(WH) - - κ2W

σ(ttH) - - κ2t

σ(tHW ) t–W - Aκ2t +B κ2W + C κtκW , category-dependent

σ(tHqb) t–W - Aκ2t +B κ2W + C κtκW , category-dependent

σ(bb̄H) - - κ2b

Partial and total decay widths

Γγγ t–W κ2γ
1.589κ2W + 0.072κ2t − 0.674κWκt + 0.009κWκτ

+ 0.008κWκb − 0.002κtκb − 0.002κtκτ

Γgg t–b κ2g 1.111κ2t + 0.012κ2b − 0.123κtκb

ΓZγ t–W 1.118κ2W + 0.004κ2t − 0.125κWκt + 0.003κWκb

ΓH - κ2H

0.581κ2b + 0.215κ2W + 0.063κ2τ

+ 0.026κ2Z + 0.029κ2c + 0.0023κ2γ

+ 0.0004κ2s + 0.00022κ2µ

+ 0.082 (Γgg/Γgg
SM)

+ 0.0015 (ΓZγ/ΓZγ
SM)
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8.1 Datasets

8.1.1 Experimental Data

The analysis is performed on the full Run 2 set of p-p collision data collected by

the ATLAS experiment at the LHC. The protons are collided at a centre of mass

energy of
√
s = 13 TeV over the Run 2 period from 2015 to 2018, amounting to

139± 2.4 fb−1of integrated luminosity.

The events are required to pass a diphoton trigger, which requires transverse

energy above 35 GeV and 25 GeV for the two highest-pT photon candidates in

the event. The trigger uses photon identification selections based on calorimeter

shower shape variables: in 2015–2016, a loose photon identification requirement

was used, and in 2017–2018, a tighter requirement was used to cope with higher

instantaneous luminosity.

8.1.2 Simulated Data

Simulated data is used in the analysis design and results, including: signal and

background modelling, event selection, event categorisation, and the Asimov

dataset [54]. The nominal datasets for each process are simulated with different

Monte-Carlo (MC) generators that are chosen based on their modelling acccuracy.

Alternative signal samples are also simulated with different generators and are

used to estimate systematic uncertainties. All of the simulated signal samples and

most of the background samples are simulated using the full Geant4 simulation

of the ATLAS detector. The QCD diphoton background samples are simulated

using the AFII (AtlFast2) fast simulation due to the high amount of statistics

required.

The samples for the ggF, VBF, V H, and ttH proceses are generated using Powheg

Box v2 [55–58].

The tHqb and tHW samples are produced with MadGraph5 aMC@NLO [59].

The tHqb (tHW ) samples are produced in the four-flavour (five-flavour) scheme

with the NNPDF3.0nnlo PDF. The same flavour scheme was used in the matrix

element calculation and the PDF. The top quark andW boson decays are handled

by MadSpin [60] to account for spin correlations in the decay products. The
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overlap between the tHW process and the ttH process at NLO was handled using

the diagram removal technique detailed in [61, 62]. The pp → tHb process was

not considered in the modelling of tH production due to its small cross-section.

The generated events are interfaced to Pythia [63] to model the decay of the

Higgs boson, parton showering, and hadronization.

In addition, alternative samples generated with MadGraph5 aMC@NLO or

showered with Herwig [64] are produced to evaluate the signal generator modelling

uncertainties.

The decay of the Higgs boson into two photons is simulated by either Pythia [63]

or Herwig [64]. The mass of the Higgs boson is set to mH = 125 GeV, with a

width of ΓH = 4.07 MeV.

Each sample is normalised to the integrated luminosity using the latest theoretical

calculations for each Higgs production mode cross-section [53]. The branching

ratio of the Higgs decay to two photons of 2.270× 10−3 is also used to normalise

the samples. Table 8.2 shows the cross-section for each nominal sample.

Prod. Mode σ [pb]
ggF 48.5
VBF 3.78
WH 1.37

qq → ZH 0.76
gg → ZH 0.12

ttH 0.51
tHqb 0.074
tHW 0.015

Table 8.2 Cross-sections of each production mode. Taken from [1].

Three irreducible backgrounds are simulated: QCD γγ production, V γγ and ttγγ.

The production of ttγγ events is modelled using the MadGraph5 aMC@NLO 2.3.3

generator at Leading Order (LO) with the NNPDF2.3lo [7] PDF. The parton-

showering and underlying-event simulation were performed using Pythia 8.2. The

background samples are used to model the continuous background shape in mγγ

in each of the analysis categories (Section 8.4.2).
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8.2 Object Reconstruction and Event Selection

Firstly, reconstructed photon candidates are required to pass a set of preselection-

criteria. The two highest pT photon objects are then used to define the diphoton

system in the event. A neural network algorithm reconstructs the primary vertex

from the diphoton system [65]. Finally, the photons are required to satisfy

selection and additional identification criteria detailed in 8.2.2.

8.2.1 Photon Reconstruction & Identification

Photons are reconstructed from topo-clusters as detailed in Section 3.10.4.

Reconstructed photons must fall inside the region of the electromagnetic (EM)

calorimeter (|η| < 2.37), and outside of the range 1.37 < |η| < 1.52 corresponding

to the calorimeter transition region. Photon candidates are distinguished from jet

backgrounds using shower shape variable information, using loose identification

criteria in event preselection and tight identification criteria for the final event

selection. The efficiency of the tight identification for unconverted (converted)

photons ranges from 84% (85%) at pT = 25 GeV to 94% (98%) for pT > 100 GeV.

In addition, isolation requirements on the surrounding activity within ∆R = 0.2

of the photon are made. The total energy of calorimeter clusters and the sum of

track transverse momenta are requested to be below 6.5% and 5% of the photon’s

transverse energy respectively.

8.2.2 Event Selection

Following the pre-selection requirements, the selected photon candidates are

required to satisfy the tight identification and isolation criteria described in

Section 8.2.1. Finally, the primary and secondary photon candidates are required

to have a pT/mγγ > 0.35 and > 0.25 respectively. Events that pass these

selections and requirements are referred to as Tight-Isolated (TI) data. Events

that fail the tight identification or isolation requirements are used throughout the

analysis as a data-driven background estimate, referred to as Non-Tight-Isolated

(NTI) data.

The result of these selections is a dataset of about 1.2 million events in the

diphoton invariant mass in the range 105 to 160 GeV. The events in this mass
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range are used for further analysis of the properties of the Higgs boson. The

predicted efficiency for the selection for a SM Higgs boson with |yH | < 2.5 is

39%.

8.2.3 Jet, b-jet, Lepton, Top Quark and Emiss
T Reconstruction

and Selection

Jets (including b-jets), muons, electrons, and Emiss
T objects are then reconstructed

and used in the analysis to categorise events and measure the Higgs boson

properties.

Jets are reconstructed using the Particle Flow algorithm [66] from energy

deposits in the calorimeters, using the topological clustering of the anti-kt

algorithm [28] as detailed in Section 3.10. Jets are required to have pT > 25

GeV and |η| < 4.4. The jet-vertex-tagger (JVT) [30] is used to suppress the

jet background from pileup when reconstructing jets with pT < 60 GeV and

|η| < 2.4. For forward jets (|η| > 2.5) the forward-JVT based on the PFlow

algorithm is used [67]. Jets containing b-hadrons are identified using the DL1r

b-tagging algorithm, where a pseudo-continuous b-tagging score is used based on

selection efficiency working points [68].

Electrons are reconstructed using topo-clusters as detailed in Section 3.10.4.

Electron candidates are required to have pT > 10 GeV and |η| < 2.47. They

are also required to be outside of the EM calorimeter transition region. Electron

candidates must satisfy the medium selection criteria laid out in [27], and isolation

criteria are applied based on track and calorimeter information. The track

associated with the electron candidate must be consistent with the selected

diphoton vertex.

Muons are reconstructed using tracks in the inner detector (ID) and Muon

Spectrometer (MS) as detailed in Section 3.10.6. Muons are selected using the

medium selection criteria and are also required to meet calorimeter and track-

based isolation criteria [33]. Muons are required to have pT > 10 GeV and

|η| < 2.7.
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Overlap Removal is performed on the reconstructed objects. The procedure

prioritises photons, and then removes any overlapping objects in ∆R.

Missing Transverse Energy or Emiss
T is the final object to be reconstructed as

the negative vector sum of the four momenta of the other reconstructed objects,

as detailed in 3.10.

Top Quarks are reconstructed using a BDT algorithm trained with the ttH

sample using the XGBoost package [69]. The BDT extracts the three-jet triplet

that best matches the hadronic products of a top quark. Input variables to the

BDT consist of: the pT η, ϕ, and energy of theW boson and b-jet in consideration

(where the W boson is formed from a pair of jets). Angular variables between

the constituents are also considered, as well as b-tagging information and the

invariant mass of the triplet. The BDT score is used to reconstruct top quark

candidates in hadronic and leptonic events in the following way.

In hadronic events, where no leptons are reconstructed, the triplet with the

highest BDT score is selected as the primary reconstructed top quark (t1). In

leptonic events, where exactly one lepton is reconstructed, theW boson candidate

is first reconstructed from the lepton and the missing transverse momentum Emiss
T .

The t1 is then reconstructed from the W boson candidate and the jet that gives

the higest BDT score. No top quark candidate is reconstructed in events with

more than one reconstructed lepton. After t1 is selected, if there are at least three

additional jets remaining, a second top quark candidate (t2) is reconstructed from

the triplet with the highest BDT score. If there are two jets remaining after the

selection of t1, then a t2 is reconstructed as the sum of these two jets, otherwise

no t2 is reconstructed [70].

The reconstructed top quark candidates t1 and t2 are also referred to as “recotop1”

and “hybridtop2” respectively.
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8.3 Event Categorisation

8.3.1 Overview

The events that pass the selection described in Section 8.2.2 are classified into

categories each targeting an STXS region. The procedure uses a novel strategy

to maximise the sensitivity of the measurement. The steps are as follows:

• First, a multiclass BDT is trained to separate signal events into categories

that are sensitive to each targeted STXS region. Simulated signal samples

are used to model each of the Higgs boson production modes. Backgrounds

are not considered in this step.

• Next, a novel procedure titled “D-optimality” optimises the categorisation

of events to maximise sensitivity across the whole STXS scheme.

• For category defined in the previous step a binary BDT is trained to separate

the signal class from the background. This includes the non-resonant

background and the other signal classes.

• A significance scan is then conducted across each of the binary BDT

discriminants to define up to three analysis categories sensitive to the

targeted STXS region.

The categorisation strategy is summarised in Figure 8.2. A more detailed

description of each step and any additional or alternative treatment is discussed

in the following sections. The variables used to train the models in each step are

summarised in Table 8.3.
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Figure 8.2 Schematic illustrating the analysis categorisation procedure. “Reco
Bins” represents the STXS regions that are targeted by the
categorisation. “Reco Categories” represents the analysis categories
defined using the BDT algorithms that are sensitive to the targeted
STXS regions. The multiclass BDT considers each STXS signal
class simultaneously, defining a category for each. A binary BDT is
trained in each multiclass BDT category to reject the non-resonant
background. Up to three categories are defined using each binary
BDT with varying signal purity.

100



T
a
b
le

8
.3

T
h
e
tr
a
in
in
g
va
ri
a
bl
es

u
se
d
in

th
e
m
u
lt
ic
la
ss

B
D
T

a
n
d
th
e
se
t
o
f
bi
n
a
ry

cl
a
ss
ifi
er
s.

T
h
e
fi
rs
t
co
lu
m
n
li
st
s
th
e
va
ri
a
bl
es

u
se
d

in
th
e
m
u
lt
ic
la
ss

B
D
T
.
T
h
e
se
co
n
d
co
lu
m
n
li
st
s
th
e
va
ri
a
bl
es

u
se
d
by

th
e
d
iff
er
en

t
bi
n
a
ry

cl
a
ss
ifi
er

m
od
el
s,

w
h
er
e
d
iff
er
en

t
in
p
u
t
va
ri
a
bl
es

a
re

u
se
d
fo
r
m
od
el
s
ta
rg
et
in
g
d
iff
er
en

t
S
T
X
S
cl
a
ss
es
.
T
h
e
d
a
gg
er

sy
m
bo
l
†
d
en

o
te
s
va
ri
a
bl
es

th
a
t
h
a
ve

tw
o

ve
rs
io
n
s
w
it
h
d
iff
er
en

t
je
t
p
T
re
qu
ir
em

en
ts
.
O
n
e
ve
rs
io
n
o
f
su
ch

a
va
ri
a
bl
e
is

d
efi

n
ed

u
si
n
g
je
ts

w
it
h
p
T
>

25
G
eV

,
a
n
d
th
e

o
th
er

ve
rs
io
n
is

d
efi

n
ed

u
si
n
g
je
ts

w
it
h
p
T
>

30
G
eV

.
B
o
th

ve
rs
io
n
s
a
re

u
se
d
in

th
e
tr
a
in
in
g
o
f
th
e
m
u
lt
ic
la
ss

B
D
T
.
T
h
e

a
st
er
is
k
sy
m
bo
l
∗
d
en

o
te
s
tH

qb
tr
a
in
in
g
va
ri
a
bl
es

th
a
t
a
re

o
n
ly

u
se
d
fo
r
th
e
cl
a
ss
ifi
er
s
su
p
p
re
ss
in
g
th
e
co
n
ti
n
u
u
m

ba
ck
gr
o
u
n
d
.

O
th
er

tH
qb

tr
a
in
in
g
va
ri
a
bl
es

a
re

u
se
d
in

a
ll
th
re
e
tH

qb
cl
a
ss
ifi
er
s.

T
a
ke
n
fr
o
m

[1
].

ATLAS DRAFT

Ta
bl
e
2:

Tr
ai
ni
ng

va
ria

bl
es

us
ed

fo
rt
he

m
ul
tic

la
ss

BD
T
an
d
th
e
bi
na
ry

cl
as
sifi

er
s.

Th
e
fir
st
co
lu
m
n
lis
ts
th
e
va
ria

bl
es

us
ed

as
in
pu

tt
o
th
e
m
ul
tic

la
ss

BD
T.

Th
e
se
ts

of
cl
as
se
so

n
w
hi
ch

th
e
bi
na
ry

cl
as
si
fie
rs
ar
e
ap
pl
ie
d
ar
e
sp
ec
ifi
ed

in
th
e
se
co
nd

co
lu
m
n,
an
d
th
e
co
rr
es
po
nd
in
g
va
ria

bl
es

in
ea
ch

ca
se

ar
e
lis
te
d
in

th
e
se
co
nd

co
lu
m
n.

Th
e
da
gg
er

sy
m
bo

l†
de
no

te
sv

ar
ia
bl
es

th
at
ha
ve

tw
o
ve
rs
io
ns

w
ith

di
ffe

re
nt

je
t?

T
re
qu
ire

m
en
ts.

O
ne

ve
rs
io
n
of

su
ch

va
ria

bl
e
is
de
fin

ed
us
in
g
je
ts
w
ith

?
T
>

25
G
eV

,a
nd

an
ot
he
rv

er
si
on

is
de
fin

ed
us
in
g
je
ts
w
ith

?
T
>

30
G
eV

.B
ot
h
ve
rs
io
ns

ar
e
us
ed

in
th
e
tra

in
in
g
of

th
e
m
ul
tic

la
ss

B
D
T.

Th
e
as
te
ris

k
sy
m
bo

l∗
de
no

te
sC
�

tra
in
in
g
va
ria

bl
es

th
at
ar
e
on

ly
us
ed

fo
rt
he

cl
as
si
fie

rs
su
pp

re
ss
in
g
th
e
co
nt
in
uu

m
ba
ck
gr
ou

nd
.O

th
er
C�

tra
in
in
g
va
ria

bl
es

ar
e
us
ed

in
al
lt
hr
ee
C�

cl
as
sifi

er
s.

M
ul
tic
la
ss

BD
T

Bi
na
ry

cl
as
sifi

er

ST
X
S
cl
as
se
s

Va
ria

bl
es

[
of

th
e
2
hi
gh
es
t-
?
T
ph
ot
on
s

tra
ns
ve
rs
e
m
om

en
tu
m

(?
W
W

T
)a

nd
ra
pi
di
ty

(H
W
W
)o

ft
he

di
ph
ot
on

sy
ste

m
,

di
-je

t?
T
†,
in
va
ria

nt
m
as
s,
Δ
H,
Δ
q
,Δ
[
be
tw
ee
n
th
e
2
je
ts,

?
T
,i
nv
ar
ia
nt

m
as
so

ft
he
W
W
+
9
sy
ste

m
,w

he
re
9
de
no
te
st
he

hi
gh
es
t-
?
T
je
t,

?
T
†,
in
va
ria

nt
m
as
so

fW
W
+
9
9
sy
ste

m
,w

he
re
9
9
de
no
te
st
he

tw
o
hi
gh
es
t-
?
T
je
ts,

Δ
H,
Δ
q
be
tw
ee
n
W
W
an
d
9
9,

m
in
im

um
Δ
'
be
tw
ee
n
je
ts
an
d
ph
ot
on
s,

in
va
ria

nt
m
as
so

ft
he

sy
ste

m
co
m
pr
isi
ng

al
lj
et
si
n
th
e
ev
en
t,

di
-le

pt
on
?
T
,d
i-4

or
di
-`

in
va
ria

nt
m
as
s(
le
pt
on
sa

re
re
qu
ire

d
to

be
op
po
sit
el
y
ch
ar
ge
d)
,

�
m
iss

T
,?

T
an
d
tra

ns
ve
rs
e
m
as
so

ft
he

le
pt
on

+
�
m
iss

T
sy
ste

m
,

?
T
,[

,q
of

to
p
ca
nd
id
at
es
,i
nv
ar
ia
nt

m
as
so

ft
he

tw
o
hi
gh
es
t-
?
T
to
p
ca
nd
id
at
es
;

N
um

be
ro

fj
et
s†

,o
fc

en
tra

lj
et
s(
|[|

<
2.

5)
†,
of

b-
je
ts†

an
d
of

le
pt
on
s,

?
T
of

th
e
hi
gh
es
t-
?
T
je
t,
sc
al
ar

su
m

of
th
e
?
T
of

al
lj
et
s,

sc
al
ar

su
m

of
th
e
tra

ns
ve
rs
e
en
er
gi
es

of
al
lp

ar
tic
le
s(

∑ �
T
),
�
m
iss

T
sig

ni
fic
an
ce
,

� � ��m
iss

T
−
�
m
iss

T
(p
rim

ar
y
ve
rte

x
w
ith

th
e
hi
gh
es
t
∑ ?

2 T,
tra

ck
)� � �>

30
G
eV

Sc
or
e
of

th
e
to
p
re
co
ns
tru

ct
io
n
BD

T,

Δ
'
be
tw
ee
n
th
e,

an
d
1
ca
nd
id
at
es

w
ith

in
th
e
se
co
nd

to
p
ca
nd
id
at
e
(Δ
'
(,
,1
)),

[
of

th
e
m
os
tf
or
w
ar
d
je
t,

in
va
ria

nt
m
as
so

ft
he

di
ph
ot
on

an
d
m
os
tf
or
w
ar
d
je
ts
ys
te
m
,

Av
er
ag
e
nu
m
be
ro

fi
nt
er
ac
tio

ns
pe
rb

un
ch

cr
os
sin

g.

in
di
vi
du
al

ST
X
S
cl
as
se
sf
ro
m

6
6
→
�

@
@
′ →

�
@
@
′

@
@
→
�
ℓa

?
?
→
�
ℓℓ

?
?
→
�
a
ā
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8.3.2 Multiclass BDT

The multiclass BDT model is trained using LightGBM [71]. The model is trained

on the simulated signal samples to separate each of the STXS truth bins targeted

by the analysis. The targeted classes differ slightly from the STXS 1.2 scheme

by the following points, either to improve classification performance, or because

of limited sensitivity. This includes:

• The bb̄H and gg → H processes are hard to separate, and have a very similar

analysis acceptance and selection efficiency. They are therefore measured

as a single process in the analysis.

• The tH process is split into regions corresponding to the pp → tHqb and

pp → tHW processes because of their differing kinematics. The pp → tHb

process is ignored due to its very small cross-section.

The targeted classes are summarised in Figure 8.3. Each target class is weighted

in the training to normalise their importance in the model loss function. The

training is performed by minimising the categorical cross-entropy loss across each

class.
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ATLAS DRAFT

|H� | < 2.5

66 → � +
66 → / (→ @@̄)� +
11̄�

?�T < 200GeV

0-jet
?�T < 10GeV 66 → �, 0-jet, ?�T < 10GeV
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/ → aā ?? → �aā, ?+T < 75GeV

75 ≤ ?/T < 150GeV
/ → ℓ+ℓ− ?? → �ℓℓ, 75 ≤ ?+T < 150GeV
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Figure 1: Summary of the STXS regions considered in the analysis design. The left part of the plot shows the
selections applied on the particle-level quantities of simulated signal events, with the selections applied sequentially
along the branches of the graph. The final selection for each region is indicated by a box, and the name of each
region, used in the rest of this paper, is shown on the right.

4th May 2022 – 18:48 12

Figure 8.3 The targeted STXS regions in the analysis. The tree indicates
particle level selections that are made to define each region. Final
regions are indicated by a box. The name of each region used in the
analysis is shown on the right of the tree. Taken from [1].
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8.3.3 D-Optimality

In multi-classification, the class with the highest probability is selected as the

model prediction. In the D-optimality procedure, weights are applied to the

model prediction for each class to adjust how events are classified. The weights

are adjusted to maximise the inverse determinant of the covariance matrix of

the expected measurement. This results in a categorisation that achieves the

maximum possible sensitivity across all targeted STXS regions. Figure 8.4 shows

the weighted output score for two categories targeting different STXS regions.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Multiclass BDT output

3−10

2−10

1−10

1

E
ve

nt
 F

ra
ct

io
n

 SimulationATLAS
γγ→, H-1 = 13 TeV, 139 fbs

 < 150 GeVV

T
 p≤, 75 ν Hl→qq 

Signal selected
Signal rejected
Other processes

(a) qq → Hℓν, 75 ≤ pVT < 150GeV

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Multiclass BDT output

3−10

2−10

1−10

1

E
ve

nt
 F

ra
ct

io
n

 SimulationATLAS
γγ→, H-1 = 13 TeV, 139 fbs

 < 120 GeVH
T

 p≤H, 60 tt

Signal selected
Signal rejected
Other processes

(b) ttH, 60 ≤ pHT < 120GeV

Figure 8.4 The weighted output distributions of the multiclass BDT for two
STXS categories. In each plot, events corresponding to the targeted
process are shown in solid colour, whereas the signal of other STXS
classes is shown in long-dashed with no fill. The signal is further
broken down into those events that are selected in the class (solid-
orange), and those events that are classified into another category
(dashed-green). The solid-orange component is stacked on top of the
dashed-green component. Events are assigned to the class in which
they have the largest weighted score. Taken from [1].

8.3.4 Global Binary BDTs

Binary background rejection models are trained in each region. The models

are used to reject the non-resonant background and increase sensitivity to the

targeted STXS class. For the gg → H, qq′ → Hqq′ and V (→ ℓℓ)H processes, a

binary BDT is trained to separate the targeted signal class from the continuum

background and the other signal classes. Figure 8.5 shows the BDT score of two

representative binary BDT models.
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Figure 8.5 The binary BDT discriminant in two STXS categories. Events
corresponding to the targeted STXS region are shown in solid-orange,
and events from other STXS regions are shown in dashed-blue.
Events in the data sidebands are shown as black dots. The vertical
dashed lines represent cuts applied on the BDT score to define
analysis categories. Taken from [1].

8.3.5 ttH and tHW Binary BDTs

For the ttH and tHW processes, a different approach is taken. Here a binary

BDT is trained inclusively on all events that enter any of the multiclass top-like

categories. The BDT is trained to separate the ttH process from the continuum

background, and other top processes (tHqb and tHW ). A similar procedure is

used for the tHW process.

8.3.6 tHqb Categorisation Treatment

A novel approach is used to categorise the tHqb process, with the objective of

maximising sensitivity to the sign of the top Yukawa coupling strength κt. The

approach takes advantage of the kinematic differences between tHqb events with

κt = +1 (SM) and κt = −1. A neural network is trained to separate these two

cases, and two analysis categories are introduced, one targeting the tHqb κt = +1

(SM) events labeled “tHqb (SM-like)”, and the other targeting κt = −1 events

labeled “tHqb (BSM-like)”. Two further neural networks are trained to separate

each signal process (tHqb κt = +1 (SM) and κt = −1) from the non-resonant

background, and are used to maximise sensitivity to the two objectives. This

novel categorisation is covered in detail in Chapter 9.
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8.3.7 Categorisation Summary

The result is a total of 101 categories. The expected signal and background yields,

purity, and significance in each category are shown in Figure 8.4. The expected

event yields each category contributes to the targeted STXS class is shown in

Figure 8.6.
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Table 8.4 The expected signal (S) and background (B) event yields in each
analysis category in the mγγ window containing 90% of the fitted
signal events. The half width of the fitted signal events is given by
σ. The signal purity f = S/(S + B) and the expected significance
Z =

√
2((S +B) ln(1 + S/B)− S) are also shown. Only the signal

yield originating from the targeted STXS region is considered in each
category.

Table 4: Expected signal (𝑆) and background (𝐵) yields in each category, within the smallest mass window containing
90% of signal events, the half-width of which is given by 𝜎. The signal purity 𝑓 = 𝑆/(𝑆 + 𝐵) and expected
significance 𝑍 =

√︁
2((𝑆 + 𝐵) ln(1 + 𝑆/𝐵) − 𝑆) are also shown. Only the signal process corresponding to the targeted

STXS region is considered in the signal yield.

Category 𝑆 𝐵
𝜎 𝑓

𝑍
[GeV] [%]

𝑔𝑔 → 𝐻

0-jet, 𝑝𝐻T < 10GeV 695 26 000 3.43 2.6 4.3

0-jet, 𝑝𝐻T ≥ 10GeV 1440 47 000 3.41 3.0 6.6

1-jet, 𝑝𝐻T < 60GeV, High-purity 168 4250 3.20 3.8 2.6

1-jet, 𝑝𝐻T < 60GeV, Med-purity 197 11 500 3.38 1.7 1.8

1-jet, 60 ≤ 𝑝𝐻T < 120GeV, High-purity 186 3310 3.10 5.3 3.2

1-jet, 60 ≤ 𝑝𝐻T < 120GeV, Med-purity 180 7780 3.37 2.3 2.0

1-jet, 120 ≤ 𝑝𝐻T < 200GeV, High-purity 23.0 182 2.61 11 1.7

1-jet, 120 ≤ 𝑝𝐻T < 200GeV, Med-purity 40.7 717 3.00 5.4 1.5

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 𝑝𝐻T < 60GeV, High-purity 23.5 1050 3.08 2.2 0.72

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 𝑝𝐻T < 60GeV, Med-purity 43.1 4360 3.39 0.98 0.65

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 𝑝𝐻T < 60GeV, Low-purity 47.5 16 800 3.51 0.28 0.37

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 60 ≤ 𝑝𝐻T < 120GeV, High-purity 49.1 901 3.03 5.2 1.6

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 60 ≤ 𝑝𝐻T < 120GeV, Med-purity 93.9 6440 3.30 1.4 1.2

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 120 ≤ 𝑝𝐻T < 200GeV, High-purity 15.5 74.8 2.64 17 1.7

≥ 2-jets, 𝑚 𝑗 𝑗 < 350GeV, 120 ≤ 𝑝𝐻T < 200GeV, Med-purity 22.7 343 2.97 6.2 1.2

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T < 200GeV, High-purity 4.31 47.5 2.72 8.3 0.62

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T < 200GeV, Med-purity 15.4 380 3.02 3.9 0.78

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T < 200GeV, Low-purity 10.5 1080 3.31 0.97 0.32

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T < 200GeV, High-purity 2.34 33.3 2.84 6.6 0.40

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T < 200GeV, Med-purity 4.23 136 3.07 3.0 0.36

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T < 200GeV, Low-purity 3.34 429 3.26 0.77 0.16

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T < 200GeV, High-purity 1.14 14.5 2.97 7.3 0.30

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T < 200GeV, Med-purity 2.52 47.5 3.10 5.0 0.36

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T < 200GeV, Low-purity 2.49 142 3.37 1.7 0.21

200 ≤ 𝑝𝐻T < 300GeV, High-purity 15.3 38.0 2.28 29 2.3

200 ≤ 𝑝𝐻T < 300GeV, Med-purity 29.4 236 2.64 11 1.9

300 ≤ 𝑝𝐻T < 450GeV, High-purity 1.52 2.13 2.02 42 0.95

300 ≤ 𝑝𝐻T < 450GeV, Med-purity 6.75 17.7 2.16 28 1.5

300 ≤ 𝑝𝐻T < 450GeV, Low-purity 4.66 43.1 2.46 9.8 0.70

450 ≤ 𝑝𝐻T < 650GeV, High-purity 1.00 1.25 1.85 45 0.81

450 ≤ 𝑝𝐻T < 650GeV, Med-purity 0.800 2.00 1.98 29 0.53

450 ≤ 𝑝𝐻T < 650GeV, Low-purity 0.830 10.7 2.19 7.2 0.25

𝑝𝐻T ≥ 650GeV 0.220 1.08 1.73 17 0.20

𝑞𝑞′→ 𝐻𝑞𝑞′

0-jet, High-purity 0.330 25.0 3.33 1.3 0.07

0-jet, Med-purity 1.27 471 3.35 0.27 0.06

0-jet, Low-purity 10.7 18 800 3.48 0.06 0.08

1-jet, High-purity 1.08 2.78 2.99 28 0.61

1-jet, Med-purity 3.50 26.1 3.11 12 0.67

1-jet, Low-purity 2.88 145 3.24 2.0 0.24

≥ 2-jets, 𝑚 𝑗 𝑗 < 60GeV, High-purity 0.350 2.10 2.71 14 0.24

≥ 2-jets, 𝑚 𝑗 𝑗 < 60GeV, Med-purity 0.670 19.0 2.79 3.4 0.15

≥ 2-jets, 𝑚 𝑗 𝑗 < 60GeV, Low-purity 1.92 243 2.93 0.78 0.12

≥ 2-jets, 60 ≤ 𝑚 𝑗 𝑗 < 120GeV, High-purity 3.45 6.34 2.65 35 1.3

≥ 2-jets, 60 ≤ 𝑚 𝑗 𝑗 < 120GeV, Med-purity 4.99 43.0 2.85 10 0.75

≥ 2-jets, 60 ≤ 𝑚 𝑗 𝑗 < 120GeV, Low-purity 2.99 87.3 3.01 3.3 0.32

≥ 2-jets, 120 ≤ 𝑚 𝑗 𝑗 < 350GeV, High-purity 2.98 24.4 2.93 11 0.59

≥ 2-jets, 120 ≤ 𝑚 𝑗 𝑗 < 350GeV, Med-purity 6.73 204 2.94 3.2 0.47

≥ 2-jets, 120 ≤ 𝑚 𝑗 𝑗 < 350GeV, Low-purity 8.78 1360 2.99 0.64 0.24

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T < 200GeV, High-purity 2.52 2.75 2.96 48 1.4

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T < 200GeV, Med-purity 9.15 34.7 3.06 21 1.5

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T < 200GeV, Low-purity 5.97 106 3.27 5.3 0.57

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T < 200GeV, High-purity 2.91 3.00 2.90 49 1.5

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T < 200GeV, Med-purity 5.60 22.7 3.11 20 1.1

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T < 200GeV, High-purity 10.8 3.89 3.01 74 4.2

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T < 200GeV, Med-purity 10.7 19.0 3.23 36 2.3

Category 𝑆 𝐵
𝜎 𝑓

𝑍
[GeV] [%]

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T ≥ 200GeV, High-purity 1.31 2.19 2.48 37 0.81

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T ≥ 200GeV, Med-purity 1.40 9.22 2.49 13 0.45

≥ 2-jets, 350 ≤ 𝑚 𝑗 𝑗 < 700GeV, 𝑝𝐻T ≥ 200GeV, Low-purity 1.16 65.5 2.54 1.7 0.14

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T ≥ 200GeV, High-purity 2.51 3.02 2.43 45 1.3

≥ 2-jets, 700 ≤ 𝑚 𝑗 𝑗 < 1000GeV, 𝑝𝐻T ≥ 200GeV, Med-purity 1.49 47.4 2.54 3.0 0.22

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T ≥ 200GeV, High-purity 5.65 1.57 2.39 78 3.3

≥ 2-jets, 𝑚 𝑗 𝑗 ≥ 1000GeV, 𝑝𝐻T ≥ 200GeV, Med-purity 2.96 6.31 2.55 32 1.1

𝑞𝑞 → 𝐻ℓ𝜈

𝑝𝑉T < 75GeV, High-purity 1.91 4.91 3.17 28 0.81

𝑝𝑉T < 75GeV, Med-purity 2.59 20.2 3.28 11 0.57

75 ≤ 𝑝𝑉T < 150GeV, High-purity 2.62 2.05 3.02 56 1.6

75 ≤ 𝑝𝑉T < 150GeV, Med-purity 2.08 12.4 3.23 14 0.58

150 ≤ 𝑝𝑉T < 250GeV, High-purity 1.74 2.06 2.78 46 1.1

150 ≤ 𝑝𝑉T < 250GeV, Med-purity 0.16 2.90 3.17 5.2 0.09

𝑝𝑉T ≥ 250GeV, High-purity 1.36 1.79 2.41 43 0.91

𝑝𝑉T ≥ 250GeV, Med-purity 0.02 3.12 3.15 0.78 0.01

𝑝𝑝 → 𝐻ℓℓ

𝑝𝑉T < 75GeV, High-purity 1.14 1.82 3.25 39 0.78

𝑝𝑉T < 75GeV, Med-purity 1.06 215 3.29 0.49 0.07

75 ≤ 𝑝𝑉T < 150GeV, High-purity 1.07 1.58 3.08 40 0.77

75 ≤ 𝑝𝑉T < 150GeV, Med-purity 0.02 1.81 3.06 1.2 0.02

150 ≤ 𝑝𝑉T < 250GeV, High-purity 0.71 1.79 2.78 28 0.50

150 ≤ 𝑝𝑉T < 250GeV, Med-purity 0.10 16.5 2.88 0.62 0.03

𝑝𝑉T ≥ 250GeV 0.27 2.06 2.48 12 0.18

𝑝𝑝 → 𝐻𝜈𝜈̄

𝑝𝑉T < 75GeV, High-purity 0.60 170 3.50 0.35 0.05

𝑝𝑉T < 75GeV, Med-purity 1.15 1020 3.57 0.11 0.04

𝑝𝑉T < 75GeV, Low-purity 0.87 2630 3.67 0.03 0.02

75 ≤ 𝑝𝑉T < 150GeV, High-purity 0.58 2.30 2.97 20 0.37

75 ≤ 𝑝𝑉T < 150GeV, Med-purity 1.83 17.8 3.26 9.3 0.43

75 ≤ 𝑝𝑉T < 150GeV, Low-purity 2.18 288 3.44 0.75 0.13

150 ≤ 𝑝𝑉T < 250GeV, High-purity 0.92 2.00 2.75 32 0.61

150 ≤ 𝑝𝑉T < 250GeV, Med-purity 0.75 2.54 2.94 23 0.45

150 ≤ 𝑝𝑉T < 250GeV, Low-purity 0.26 11.7 3.28 2.2 0.08

𝑝𝑉T ≥ 250GeV, High-purity 0.67 1.55 2.46 30 0.50

𝑝𝑉T ≥ 250GeV, Med-purity 0.05 1.97 3.05 2.6 0.04

𝑡𝑡𝐻

𝑝𝐻T < 60GeV, High-purity 3.04 4.01 3.18 43 1.4

𝑝𝐻T < 60GeV, Med-purity 2.78 13.3 3.37 17 0.74

60 ≤ 𝑝𝐻T < 120GeV, High-purity 4.30 4.09 3.06 51 1.9

60 ≤ 𝑝𝐻T < 120GeV, Med-purity 2.99 8.61 3.31 26 0.97

120 ≤ 𝑝𝐻T < 200GeV, High-purity 4.65 3.52 2.73 57 2.1

120 ≤ 𝑝𝐻T < 200GeV, Med-purity 1.66 4.16 2.93 29 0.77

200 ≤ 𝑝𝐻T < 300GeV 3.39 2.26 2.46 60 1.9

𝑝𝐻T ≥ 300GeV 2.73 1.66 2.12 62 1.8

𝑡𝐻

𝑡𝐻𝑞𝑏, High-purity 0.55 2.16 3.04 20 0.36

𝑡𝐻𝑞𝑏, Med-purity 0.14 2.78 3.45 4.9 0.09

𝑡𝐻𝑞𝑏, BSM (𝜅𝑡 = −1) 0.12 1.86 3.25 6.0 0.09

𝑡𝐻𝑊 0.16 6.91 2.74 2.3 0.06

Low-purity top 5.18 65.8 3.32 7.3 0.63
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8.4 Signal & Background Modelling

In each of the analysis categories, the mγγ distribution is described using an

extended probability density function (pdf) in which the signal and background

are modelled using analytical functions. The following section describes the

function used to model the signal shape, and the procedure used to select the

best function to model the non-resonant background in each analysis category.

8.4.1 Signal Modelling

The signal shape in each analysis category is modelled using the double-sided

Crystal Ball (DSCB) function. The DSCB function is made up of three

components; a Gaussian core that models the signal peak, and two power-law

components that model the tails of the signal shape.

The signal model is fit to the signal sample events in the mγγ spectrum in the

mass range 110 to 140 GeV. The contribution of each signal sample is normalised

to the cross-section of the given process. All relevant production processes are

considered: ggF, VBF, V H, ttH and tH. Examples of the signal model in two

groups of categories can be seen in Figure 8.7.
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Figure 8.7 Examples of the signal mγγ distribution using signal MC in two
groups of categories. 8.7a shows the signal mγγ shapes for two
categories targeting the same STXS region with different purities.
8.7b compares the signal mγγ shapes for three ‘high-purity’ categories
targeting different pHT regions of the ttH process. The markers
represent distributions in MC samples with mH = 125GeV, while
the solid lines represent the corresponding fitted DSCB functions.
Taken from [1]
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8.4.2 Background Modelling

The analysis uses a functional approach to model the background in each of the

analysis categories. This constitutes two main steps: first a background template

is constructed using a combination of simulated samples and data control regions,

secondly, a function is selected to model the background using the spurious signal

test.

Background Templates

The samples used to model the continuum background depend on which process

a category is targeting. In categories targeting the gg → H and qq′ → Hqq′

processes, the background template is defined using the γγ, γj and jj samples.

For categories targeting the V (→ ℓℓ)H process the background template is

constructed using the V γγ sample. For categories targeting the ttH and tH

processes the background template is constructed using the ttγγ sample. The

background templates constructed for four analysis categories targeting the

gg → H qq′ → Hqq′ V H and ttH processes are shown in Figure 8.8.

The background templates are defined in the range 105 < mγγ < 160GeV with

220 uniform-width bins. A smoothing technique using a Gaussian kernel [72] is

applied to background templates where the average bin occupancy has at least

20 entries. This smoothing has the effect of reducing statistical fluctuations in

the templates.
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Figure 8.8 The diphoton invariant mass mγγ distribution in data (black
points) and continuum background templates (histograms) in four
representative STXS categories. The data are shown excluding the
region 120 < mγγ < 130GeV containing the signal. In panels 8.8a
and 8.8b, stacked histograms corresponding to the γγ (white), γj
(green) and jj (magenta) background contributions are shown. In
panel 8.8c, the white histogram represents contributions from V γγ
and other sources of prompt γγ production. In 8.8d, the white
histogram corresponds to simulated ttγγ events. The templates do
not represent the background shapes used in the analysis, but are
used to identify flexible functions used to model the background in
each category as described in the text. Taken from [1].
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Spurious Signal

With the background templates defined, the spurious signal test is used to select

a function to model the background. In this choice there is a trade off, a function

needs to be flexible enough to describe the background template, but not so

flexible that incorrectly it captures statistical fluctuations in the background

template. In the spurious signal test a number of functions are considered, these

are summarised in Table 8.5.

Table 8.5 Summary of the functions used for the modelling of the continuum
background component. Npars denotes the number of free parameters
used to define the function shape. For the definition of the Bernstein
polynomials, x = (mγγ − mmin)/(mmax − mmin), where mmin =
105GeV and mmax = 160GeV are respectively the lower and upper
bounds of the fitted mγγ range. Taken from [1].

Type Function Npars Acronym

Power law ma
γγ 1 PowerLaw

Bernstein polynomial (1− x)n + a1nx(1− x)n−1 + · · ·+ anx
n n = 1–5 Bern1–Bern5

Exponential exp(amγγ) 1 Exp

Exponential of second-order polynomial exp
(
a1mγγ + a2m

2
γγ

)
2 ExpPoly2

Exponential of third-order polynomial exp
(
a1mγγ + a2m

2
γγ + a3m

3
γγ

)
3 ExpPoly3

To perform the spurious signal test for a given function the full analytical signal

plus background model is fitted to the background only template in the range

105 ≤ mγγ ≤ 160GeV. The maximum absolute value of fitted signal yield in the

range 123 ≤ mγγ ≤ 127 GeV, using a step of 0.5 GeV, is taken as a spurious

signal. Negative fluctuations in the background model are considered in the fit.

The number of spurious signal events Nsp is then taken as the maximum absolute

number of signal events fitted by the signal model. The spurious signal test is

passed if at least one of the following conditions is met:

• Nsp < 10%Ns,exp, where Ns,exp is the expected number of signal events in

the category

• Nsp < 20%σbkg. where σbkg is the statistical uncertainty on the fitted

number of signal events when fitting the background plus signal model to

the background template

A further requirement is made on the analytical function in question; the fit is

required to yield a χ2 probability of at least 1%.
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If multiple functions pass the spurious signal requirement then the function with

the smallest number of degrees of freedom is chosen to model the background.

In categories where the average number of events per bin in mγγ is less than 20,

the candidate functions are limited to the exponential, and exponential of second

and third order polynomial. This restricted set of functions allows us to avoid

potential nonphysical fits due to statistical fluctuations. The function is selected

using the Wald test [73].

8.5 Systematic Uncertainties

Two categories of systematic uncertainties are considered: those that affect

the modelling of the mγγ distribution of both the signal and background, and

those that affect the expected signal yield in each of the analysis categories.

Uncertainties can come from both experimental and theoretical sources. Each

of the systematic uncertainties is incorporated into the likelihood model as a

nuisance parameter.

Table 8.6 shows a subset of the expected experimental and theoretical systematic

uncertainties of the cross-section measurements in the SM hypothesis.

Table 8.6 Expected contributions from the main sources of systematic uncer-
tainty to the total uncertainty in the measurement of the cross-section
times H → γγ branching ratio for each of of the main Higgs boson
production processes. The uncertainty from each source (∆σ) is
shown as a fraction of the total expected cross-section (σ). Only
uncertainty sources that contribute ≥ 1% to each expected cross-
section are shown. Adapted from [1].

ggF + bb̄H VBF WH ZH ttH tH

Uncertainty source ∆σ[%] ∆σ[%] ∆σ[%] ∆σ[%] ∆σ[%] ∆σ[%]

Theory uncertainties

Higher-order QCD terms ±1.4 ±4.1 ±4.1 ±12 ±2.8 ±16
Underlying event and parton shower ±2.5 ±16 ±2.5 ±4.0 ±3.6 ±48

Experimental uncertainties

Photon energy resolution ±3.0 ±3.0 ±3.8 ±4.8 ±3.0 ±12
Photon efficiency ±2.7 ±2.7 ±3.3 ±3.6 ±2.9 ±9.3
Luminosity ±1.8 ±2.0 ±2.4 ±2.7 ±2.2 ±6.6
Pile-up ±1.4 ±2.2 ±2.0 ±2.3 ±1.4 ±7.3
Background modelling ±2.0 ±4.6 ±3.6 ±7.2 ±2.5 ±63
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8.6 Results

The main results of this analysis are presented in terms of the following

measurements of Higgs boson production.

• The overall signal strength of Higgs boson production in the diphoton decay

channel (Section 8.6.1).

• The measurement of the cross-sections for the main Higgs boson production

modes (Section 8.6.2).

• Cross-section measurements in a set of merged STXS regions defined for

each production process (Section 8.6.3).

The following sections detail each of these results.

8.6.1 Overall Higgs boson signal strength

The overall Higgs boson signal strength, µ, including the inclusive production

cross-section, and H→ γγ branching ratio in the fiducial region |yH | < 2.5 is

measured with respect to the SM expectation. The measurement is conducted by

simultaneously fitting the mγγ distributions in each of the 101 analysis categories.

The signal strength is measured to be,

µ = 1.04+0.10
−0.09 = 1.04± 0.06 (stat.)+0.06

−0.05 (theory syst.)+0.05
−0.04 (exp. syst.)

The inclusive mγγ distribution is shown in Figure 8.9, where events are weighted

by the ln(1 + S/B) to reflect the sensitivity they bring to the measurement.
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Figure 8.9 The inclusive diphoton invariant mass distribution of events from
all analysis categories. The data events (dots) in each category are
weighted by ln(1 + S/B), where S and B are the expected signal
and background yields in this category within the smallest mγγ

window containing 90% of the signal events. The expected signal is
considered inclusively over all STXS regions. The fitted signal-plus-
background pdfs from all categories are also weighted and summed,
shown as the solid line. The blue dotted line represents the weighted
sum of the fitted background functions from all categories. Taken
from [1].
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8.6.2 Production cross-sections

The cross-section for the following Higgs boson production modes is also measured

separately: ggF, VBF, WH, ZH, ttH, tH. Figure 8.10 shows the mγγ spectrum

associated with each measurement.

The cross-section measurements for each of the six Higgs boson production modes

can be found in Figure 8.11. The total measurement is compatible with the SM,

with a p-value of 55%. The correlations between each of the measurements are

shown in Figure 8.12.
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Figure 8.10 Combined diphoton invariant mass distributions for categories
targeting the same production processes. The data (black dots)
are weighted by ln(1 + S/B) where S and B are respectively the
expected signal and background yields in the smallest mγγ window
containing 90% of the signal events. In this calculation, only Higgs
boson events from the targeted production processes are considered
as signal events. Higgs boson events from other processes as well
as the continuum background events are considered as background.
The fitted signal-plus-background pdfs from the relevant categories
are summed, and represented by a solid line. The blue dotted line
represents the weighted sum of the fitted continuum background
pdfs, while the dashed line combines the contributions of continuum
background and other Higgs boson events. Taken from [1].
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8.6.3 Cross-sections in STXS regions

A measurement of the cross-sections in the 28 STXS regions is performed. The

scheme in which cross-section measurements are performed differs slightly from

the scheme targeted by the categorisation; regions are merged to avoid large

statistical uncertainties, and large correlations between measurements. The

merging scheme is chosen based on the expected sensitivity under the SM

hypothesis.

Results are shown in Figure 8.13, and the correlation matrix of the measure-

ment in Figure 8.14. Generally small correlations are observed between the

cross-section measurements, with exceptions coming from processes with event

topologies that are difficult to separate. Uncertainties on measurements range

from 20% to greater than 100%. The statistical uncertainty component is

generally much larger than the systematic component across the measurements.

No significant deviations from the SM prediction in seen across the measurements,

corresponding to a p-value of 93%.

120



2− 0 2 4 6 8 10

SM
)γγB⋅σ)/(γγB⋅σ(

tH

 300≥ H
T

ttH, p

 < 300H
T

 p≤ttH, 200 

 < 200H
T

 p≤ttH, 120 

 < 120H
T

 p≤ttH, 60 

 < 60H
T

ttH, p

 150≥ V
t

, pννHll/→pp

 < 150V
t

, pννHll/→pp

 150≥ V
t

, pνHl→qq

 < 150V
t

, pνHl→qq

 200≥ H
T

 1000, p≥ 
jj

2-jets, m≥Hqq', →qq'

 200≥ H
T

 < 1000, p
jj

 m≤2-jets, 350 ≥Hqq', →qq'

 < 200H
T

 1000, p≥ 
jj

2-jets, m≥Hqq', →qq'

 < 200H
T

 < 1000, p
jj

 m≤2-jets, 700 ≥Hqq', →qq'

 < 200H
T

 < 700, p
jj

 m≤2-jets, 350 ≥Hqq', →qq'

2-jets, VH-had≥Hqq', →qq'

1-jet and VH-Veto≤Hqq', →qq'

 450≥ H
T

H, p→gg

 < 450H
T

 p≤H, 300 →gg

 < 300H
T

 p≤H, 200 →gg

 < 200H
T

 350, p≥ 
jj

2-jets, m≥H, →gg

 < 200H
T

 p≤ < 350, 120 
jj

2-jets, m≥H, →gg

 < 120H
T

 < 350, p
jj

2-jets, m≥H, →gg

 < 200H
T

 p≤H, 1-jet, 120 →gg

 < 120H
T

 p≤H, 1-jet, 60 →gg

 < 60H
T

H, 1-jet, p→gg

 < 200H
T

 p≤H, 0-jet, 10 →gg

 < 10H
T

H, 0-jet, p→gg

1− 0 1 2 3 4 5 6

ATLAS -1=13 TeV, 139 fbs
|<2.5

H
 = 125.09 GeV  |y

H
   mγγ →H 

p-value = 93%Obs + Tot. Unc. Syst. unc. SM + Theo. unc.

           Tot.                     Stat.   Syst.  

3−
4+2    3−

4+   1−
1+           (           )

0.7−
0.9+1.1    0.7−

0.9+   0.1−
0.2+           (           )

0.6−
0.8+1.2    0.6−

0.8+   0.1−
0.1+           (           )

0.5−
0.6+0.6    0.5−

0.6+   0.1−
0.1+           (           )

0.5−
0.6+0.8    0.5−

0.6+   0.0−
0.1+           (           )

0.7−
0.8+0.8    0.7−

0.8+   0.1−
0.1+           (           )

0.9−
1.1+0.4    0.9−

1.1+   0.2−
0.2+           (           )

0.2−
0.9+-0.6    0.2−

0.9+   0.0−
0.1+           (           )

0.9−
1.1+1.6    0.9−

1.1+   0.1−
0.1+           (           )

0.7−
0.8+1.8    0.7−

0.8+   0.1−
0.2+           (           )

0.5−
0.6+1.6    0.5−

0.6+   0.2−
0.3+           (           )

0.6−
0.7+0.2    0.6−

0.7+   0.1−
0.1+           (           )

0.35−
0.43+1.19  0.30−

0.33+   0.19−
0.28+           (           )

0.6−
0.8+1.4    0.6−

0.7+   0.2−
0.4+           (           )

0.6−
0.8+1.2    0.5−

0.6+   0.2−
0.5+           (           )

0.6−
0.7+0.2    0.6−

0.7+   0.1−
0.1+           (           )

0.8−
0.9+0.9    0.8−

0.8+   0.2−
0.3+           (           )

1.1−
1.4+2.1    1.1−

1.4+   0.2−
0.4+           (           )

0.5−
0.5+0.2    0.4−

0.5+   0.1−
0.1+           (           )

0.4−
0.4+1.6    0.4−

0.4+   0.1−
0.2+           (           )

0.9−
0.9+1.0    0.8−

0.8+   0.4−
0.3+           (           )

0.5−
0.5+1.3    0.4−

0.5+   0.1−
0.1+           (           )

0.5−
0.5+0.6    0.5−

0.5+   0.1−
0.2+           (           )

0.5−
0.5+1.0    0.5−

0.5+   0.1−
0.2+           (           )

0.34−
0.38+1.11  0.30−

0.30+   0.16−
0.22+           (           )

0.35−
0.36+1.07  0.34−

0.34+   0.11−
0.14+           (           )

0.17−
0.18+1.23  0.15−

0.15+   0.09−
0.10+           (           )

0.27−
0.28+0.67  0.25−

0.25+   0.10−
0.13+           (           )

Figure 8.13 Best-fit values and uncertainties for STXS parameters in each of
the 28 regions considered, normalised to their SM predictions. The
values for the gg → H process also include the contributions from
bb̄H production. The black error bars, hatched boxes and shaded
boxes show the total, systematic, and statistical uncertainties in
the measurements, respectively. The uncertainties for the pp →
Hℓℓ/νν̄, pVT < 150GeV region are truncated at the value for
which the model pdf becomes negative. The grey bands around
the vertical line at σγγ/σγγ

SM =1 show the theory uncertainties
in the predictions, including uncertainties due to missing higher-
order terms in the perturbative QCD calculations and choices of
parton distribution functions and value of , as well as the H → γγ
branching ratio uncertainty. The pT and mjj values in the region
definitions are indicated in GeV, and the 0J, 1J and 2J shorthands
refer respectively to the 0-jet, 1-jet and ≥ 2-jets selections. Taken
from [1].
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Figure 8.14 Correlation matrix for the measurement of STXS parameters in
each of the 28 regions considered. Taken from [1].
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8.7 Interpretation of the Results in the

κ-framework

In this section, the interpretation of the analysis results in the κ framework

(Section 8.0.1) is presented. The resolved parameterisation of the κg and κγ

coupling modifiers are used in all models unless explicitly stated otherwise. Four

specific models are considered in these results.

The first model focuses on the κt coupling modifier, where two configurations

for the gg → H and H → γγ loop processes are used. The first considers the

case where their parameterisation are resolved in terms of the individual kappa

modifiers. The second considers the case where the effective coupling modifiers

κg and κγ are used. In each configuration, all other coupling modifiers are fixed

to their SM expectation. Both configurations allow the sign of κt to be probed,

where in each case contributions from different processes are considered. These

contributions come from the tH and gg → ZH processes, as well as H → γγ in

the resolved configuration.

The negative log-likelihood scans for both configurations are shown in Figure 8.15.

A good agreement can be seen with the SM value of κt = +1.

In the first configuration, where the gg → H and H → γγ loops are resolved,

negative values of κt are excluded with a significance of > 6.7σ. Values of κt

outside of the range 0.87 < κt < 1.20 are excluded at 95% CL (0.85 < κt < 1.19

expected).

In the second effective configuration, negative values of κt are excluded with

> 2.2σ, where the majority of the sensitivity comes from the tH process and the

novel categorisation of the tHqb sub-process (Chapter 9). A small contribution

also comes from the gg → ZH process. Values of κt outside of the range 0.65 <

κt < 1.25 are excluded at 95% CL (0.71 < κt < 1.29 expected).

The second model looks at the effective parameterisation of the gg → H and

H → γγ loops using the coupling modifiers κg and κγ. Both are assumed to

be positive as the analysis measurement provides no sensitivity to their relative

sign. All other coupling modifiers are fixed to their SM expectation. The negative

log-likelihood contours and best fit values in the plane of (κg, κγ) are shown in

Figure 8.16. The best fit values of the two parameters are,
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Figure 8.15 Negative log-likelihood scans as a function of κt in a model where
other coupling modifiers are fixed to their SM values. The H →
γγ and gg → H loops are either parameterised as a function of
κt (blue) or fixed to their SM expectation (orange). In the latter
case, sensitivity to the sign of κt is provided by the tH process,
and to a lesser degree by the gg → ZH process. The solid curves
correspond to observed data, and the dotted curves to an Asimov
data set generated under the SM hypothesis. Taken from [1].

κg = 1.01+ 0.11
− 0.09,

κγ = 1.02+ 0.08
− 0.07.

Where a linear correlation between the two parameters of −79% is observed.

The third model considers two universal coupling modifiers: κV = κW = κZ

representing the coupling between Higgs boson and the gauge bosons, and

κF = κt = κb = κc = κτ = κµ representing the Higgs boson coupling to

fermions. The gg → H, H → γγ and gg → ZH are described using their

resolved parameterisations as a function of κV and κF . The negative log-likelihood
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Figure 8.16 Negative log-likelihood contours at 68% (dashed line) and 95% CL
(solid line) in the (κg, κγ) plane, assuming that all other coupling-
strength modifiers take their SM values. All other κ modifiers are
fixed to their SM values. The best-fit point is indicated by a cross
while the SM prediction is indicated by a star. Taken from [1].

contours and best fit values in the plane (κV , κF ) are shown in Figure 8.17. The

best fit values of the two parameters are

κV = 1.02+ 0.06
− 0.05

κF = 1.00+ 0.16
− 0.13.

A final model is considered where ratios of coupling modifiers are constructed.

This allows the κt coupling modifier to be probed without the need to make any

assumptions about the total Higgs width. The κτ coupling modifier is fixed to

1 and κb = κt is assumed. The total width of the Higgs boson is parameterised

using the effective modifier κH , defined as ΓH = κ2HΓ
SM
H , where ΓSM

H is the SM

value of the Higgs width. The following measurement parameters are defined
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Figure 8.17 Negative log-likelihood contours at 68% CL (dashed line) and 95%
CL (solid line) in the (κV , κF ) plane of modifiers applied to Higgs
boson couplings to gauge bosons (κV ) and fermions (κF ). Loop
processes and the Higgs boson total width ΓH are parameterised as
a function of κV and κF . The best-fit point is indicated by a cross,
and the SM prediction by a star. Taken from [1].

κgγ = κgκγ/κH

λV g = κV /κg

λtg = κt/κg,

where the gg → H → γγ process is used as a reference to define the coupling

modifier ratios. The λtg parameter is allowed to take positive or negative values,

the other two are fixed to be positive. The negative log-likelihood scan of the λtg

parameter is shown in Figure 8.18. Best fit values are shown in Table 8.7, and the

linear correlation between the parameters is shown in Figure 8.19. Negative values

of λtg are excluded with a significance of > 2.1σ, where sensitivity is provided by

the tH and gg → ZH processes.
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Table 8.7 Best-fit values and uncertainties in the coupling-modifier ratio model.
The second column expresses the measured parameters in terms of the
coupling modifiers. The SM corresponds to κgγ = λtg = λV g = 1.

Parameter
Definition in terms

of κ modifiers
Result

κgγ κgκγ/κH 1.02± 0.06

λV g κV /κg 1.01± 0.11

λtg κt/κg 0.95 + 0.15
− 0.16
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Figure 8.18 Negative log-likelihood scan as a function of λtg = κt/κg. The
solid curve corresponds to observed data, and the dotted curve to
an Asimov data set generated under the SM hypothesis. Taken
from [1].
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Chapter 9

Constraining the Top Quark Yukawa

Coupling in tH Production

This chapter presents an analysis of the tH process designed to optimise

sensitivity to the sign of the top quark Yukawa coupling strength κt and

the Standard Model (SM) tH cross-section. The development of a novel

categorisation of the tHqb sub-process using three neural network models is

described. The categorisation is used to define three signal regions in the analysis

detailed in Chapter 8 that target the tHqb process. The categorisation enhances

the expected sensitivity of the analysis detailed in Chapter 8 to the sign of κt,

whilst simultaneously enhancing expected sensitivity to the SM tH cross-section

measurement. Negative values of κt are directly excluded at > 2.2σ, and an upper

limit on the tH cross-section is set at 10 times the SM expectation (Section 8.6).

9.1 The Top Quark Yukawa Coupling

The strength of the Yukawa coupling between the Higgs boson and the top quark

in the SM is:

ySMt =
√
2
mt

v
. (9.1)

Measurements of the strength of yt are conducted in the kappa framework (Section

8.0.1). Where κt is the ratio between the measured coupling strength and the SM

129



expectation (κt = yt/y
SM
t ). Throughout the rest of this chapter, the top quark

Yukawa coupling strength will be referred to as κt.

9.2 Previous Results

The most stringent constraints on κt prior to those published in [1], are detailed

in [74]. The paper combines the ATLAS analysis results of the Higgs boson in the

H → γγ, ZZ∗, WW ∗, ττ , bb̄, and µµ decay channels. The results of a generic fit

in the kappa framework are shown in Figure 9.1, where the gg → H and H → γγ

production modes are parameterised by their effective couplings κg and κγ. In

each model considered, negative values of κt are not excluded. This is because

sensitivity to κt is predominantly achieved through σttH , which only depends on

κ2t . This chapter targets negative values of κt using the tH process.
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point corresponds to a p-value of pSM ¼ 85%, computed
using the procedure outlined in Sec. IV with seven d.o.f.
The parameter λWZ in this model is of particular interest:

identical coupling-strength scale factors for the W and Z
bosons are required within tight bounds by the SU(2)
custodial symmetry and the ρ parameter measurements at
LEP and at the Tevatron [149]. The ratio λγZ is sensitive to
new charged particles contributing to the H → γγ loop
unlike in H → ZZ� decays. Similarly, the ratio λtg is
sensitive to new colored particles contributing through
the ggF loop unlike in tt̄H events. The observed values
are in agreement with the SM expectation.

VIII. CONSTRAINTS ON NEW PHENOMENA

Two-Higgs-doublet models (2HDMs) [37,150–152]
and supersymmetry [153–158] are promising extensions
of the SM. The measurements are interpreted in these
benchmark models, providing indirect limits on their
parameters that are complementary to those obtained by
direct searches for new particles. The interpretations
presented in this section follow the procedure discussed
in Ref. [38].

A. Two-Higgs-doublet model

In 2HDMs, the SM Higgs sector is extended by
introducing an additional complex isodoublet scalar field
with weak hypercharge one. Four types of 2HDMs satisfy
the Paschos–Glashow–Weinberg condition [159,160], which
prevents the appearance of tree-level flavor-changing neutral
currents:

(i) Type I: One Higgs doublet couples to vector bosons,
while the other one couples to fermions. The first
doublet is fermiophobic in the limit where the two
Higgs doublets do not mix.

68% CL: 
95% CL: 

 = 0BSMB
 = 88%

SM
p

 < 1Vκ
 = 96%

SM
p

offκ = onκ
 = 95%

SM
p

ATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

Parameter value
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FIG. 16. Best-fit values and uncertainties for Higgs boson
coupling modifiers per particle type with effective photon and
gluon couplings and either Binv ¼ Bundet ¼ 0 (black); Binv and
Bundet included as free parameters, the conditions κW;Z ≤ 1

applied and the measurement of the Higgs boson decay rate
into invisible final states included in the combination (red); or
BBSM ¼ Binv þ Bundet included as a free parameter, the measure-
ment of off-shell Higgs boson production included in the
combination, and the assumptions described in the text applied
to the off-shell coupling-strength scale factors (blue). The SM
corresponds to Binv ¼ Bundet ¼ 0 and all κ parameters set to unity.
All parameters except κt are assumed to be positive.

TABLE XII. Best-fit values and uncertainties for ratios of
coupling modifiers. The second column provides the expression
of the measured parameters in terms of the coupling modifiers
defined in previous sections. All parameters are defined to be
unity in the SM.

Parameter Definition in terms of κ modifiers Result

κgZ κgκZ=κH 1.06� 0.07

λtg κt=κg 1.10 þ0.15
−0.14

λZg κZ=κg 1.12 þ0.15
−0.13

λWZ κW=κZ 0.95� 0.08
λγZ κγ=κZ 0.94� 0.07

λτZ κτ=κZ 0.95� 0.13
λbZ κb=κZ 0.93 þ0.15

−0.13
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FIG. 17. Measured ratios of coupling modifiers. The dashed
line indicates the SM value of unity for each parameter.

COMBINED MEASUREMENTS OF HIGGS BOSON … PHYS. REV. D 101, 012002 (2020)

012002-25

Figure 9.1 Best-fit values and uncertainties for Higgs boson coupling modifiers
per particle type using effective photon and gluon couplings κg and
κγ. Three scenarios are considered: where the Higgs branching ratio
to invisible (Binv) and undetected (Bundet) decays are set to zero
(black); where Binv and Bundet are included as free parameters and
κV is fixed to be less than or equal to 1 (red); where where Binv and
Bundet are included as free parameters and assumptions are applied
to the off-shell coupling-strength scale factors as detailed in [74].
The SM corresponds to Binv = Bundet = 0 and all κ parameters set
to unity. All parameters except κt are assumed to be positive. Taken
from [74].

9.3 The tH Process

The tH process, introduced in Section 2.7.1, is extremely rare, contributing only

∼0.1% of Higgs boson production at the Large Hadron Collider (LHC). Only

now, with the Full Run 2 dataset, is there enough sensitivity to design analyses

targeting it.

The tH process can be split into two sub-processes, tHqb process and tHW .

The splitting is applied because the final states of the tHW process are hard

to separate from the final states of the ttH process. The tHqb sub-process is

dominant, with a cross-section ∼ 3 times larger than the tHW sub-process (Table
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8.2).

The dominant (t-channel) Feynman diagrams for the tHqb process are shown in

Figure 9.2. In the interaction, the Higgs boson can couple to either the outgoing

top quark, or the exchanged W boson. It is this degeneracy that makes the tHqb

process sensitive to the sign of κt.
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b
κt
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g b t

b

κV

(b)

Figure 9.2 The dominant leading order Feynman diagrams for the tHqb t-
channel sub-process.

Parameterising the tHqb cross-section as a function of κt and κV (as in Section

8.0.1) gives the following [9]:

σtHqb/σ
SM
tHqb = 2.633κt

2 + 3.578κV
2 − 5.211κtκV (9.2)

Where σtHqb is the observed tHqb cross-section, σSM
tHqb is the SM expected tHqb

cross-section, and κV is the vector boson (W/Z) coupling modifier.

When changing the value of κt, there are changes in the event topology.

Differences in event topology are used to enhance sensitivity to κt further in

the analysis, detailed in Section 9.5.

The dominant (t-channel) Feynman diagrams for the tHW process are shown in

Figure 9.3. Similar to tHqb the Higgs boson can couple to either the outgoing

top quark, or the outgoing W boson. This makes the tHW process also sensitive

to the sign of κt.

Similarly, parameterising the tHW cross-section in terms of κt and κV gives the

following [9]:

σtHW/σ
SM
tHW = 2.909κt

2 + 2.310κV
2 − 4.220κtκV (9.3)

132



t

H

W

t

b

κt

(a)

t

H

W

t

b
κV

(b)

Figure 9.3 The dominant leading order Feynman diagrams for the tHW t-
channel sub-process.

The cross-section of the tHqb process, the tHW process and the ttH process as

a function of κt is shown in Figure 9.4.
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ttH

Figure 9.4 The cross-section of the tHqb (blue), tHW (orange) and ttH (red)
Higgs boson production modes as a function of κt at the LHC.

Because of the very low cross-section of the tHW , and the limited number of

expected events that pass the analysis selection, a dedicated analysis is only

performed for the tHqb sub-process.

9.4 Object Reconstruction

Extra physics objects, in addition to those detailed in 8.2, are reconstructed.

They are used to define variables that are sensitive to the tHqb process (Section

9.5). Specifically, objects are defined that represent the W boson and b-quark

decays of any top quarks in the event, and the most forward jet in the event jF .

The reconstruction procedure for each object is detailed in the following:
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b quark and W boson objects are reconstructed for each reconstructed top in

the event:

• If the first top (t1) is reconstructed hadronically the constituent jet with

the highest pseudo-continuous b-tagging (PCBtag) score is selected as the

associated b quark object. If two jets have the same PCBtag score, the jet

with the highest pT is selected. The remaining two jets are reconstructed

as the associated W boson object.

• If t1 is reconstructed leptonically, the single constituent jet is selected as

the associated b quark object. The associated W boson object is selected

as the remaining four momentum of the top after subtracting the b quark

object four momentum.

• If a second top quark (t2) is reconstructed from 3 jets, the jet with the

highest PCBtag score and pT is selected as the associated b quark object.

The remaining two jets are selected as the associated W boson object.

• If t2 is reconstructed from 2 jets, the associated W boson object is selected

as the jet with the highest pT. The associated b quark object is selected as

the remaining jet.

The most forward jet (jF ) object is selected as the jet with the largest absolute

pseudorapidity |η|. Reconstructing this object targets the outgoing quark in tHqb

(Figure 9.2). Where because the dominant tHqb process is a t-channel scattering

process, the outgoing quark is expected to emerge in the forward direction.

9.5 tHqb κt Sensitive Event Variables

Forty custom variables are defined to target differences in tHqb events with κt =

+1 and κt = −1. They are designed by considering the topology of tHqb events

for different κt values. Figure 9.5 (a) shows a schematic of the typical topology

of a tHqb event in the ϕ plane of the detector.

The thought process behind the ∆R(W, b)recotop1 variable is given as an example.

Under the different κt hypotheses, the Higgs boson coupling to the top quark will

result in a different amount of momentum transfer. This will result in a change
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in the opening angle between the decay products of the top quark. This can be

seen in Figure 9.5 (b).
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Figure 9.5 (a) Schematic showing the event topology of a typical tHqb event
in the ϕ plane. The opening angle ∆R(W, b) between the W and
b decays of the top quark is indicated. IP signifies the interaction
point. (b) Histogram of the ∆R(W, b)t1 variable for the tHqb κt =
+1 vs κt = −1 model. Showing tHqb κt = +1 (SM)(blue-line), tHqb
κt = −1(orange-line), ttH(green-line), Non-Tight-Isolated (NTI)
data (black-line) and the side-bands of the Tight-Isolated (TI) data
(black-dots).

The top six most important variables in the tHqb κt = +1 vs κt = −1 model

are shown in Figure 9.6. Some variables depend on the reconstruction of physics

objects, if these objects are not available in the event the variable is set to −99,

and is not plotted.
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Figure 9.6 The six most important variables for the tHqb κt = +1 vs κt =
−1 model. Showing tHqb κt = +1 (SM)(blue-line), tHqb κt =
−1(orange-line), ttH(green-line), NTI data (black-line) and the
side-bands of the TI data (black-dots with statistical error bars).
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9.6 Neural Network Classifiers

Three binary classifier neural network models are trained, these are:

• the tHqb κt = +1 vs κt = −1 model, that classifies the two tHqb signals

simulated with different κt values,

• the tHqb κt = +1 vs NTI data model, that separates the SM tHqb process

from the non-resonant background,

• and the tHqb κt = −1 vs NTI data model, that separates the tHqb κt = −1

process from the non-resonant background.

9.6.1 Neural Network Setup

The simulated tHqb κt = +1 and κt = −1 samples are used to model each

signal. The NTI data that is categorised into the top-like categories by the

multiclass BDT (Section 8.3.2) is used to model the non-resonant background.

Samples are split into exclusive train (50%), test (25%), and validation (25%)

sets. The neural network models are developed using the Keras [50] package.

In the loss function, each class is weighted to normalise its importance. The

ReduceLearningRateOnPlateau and EarlyStopping callbacks are used to avoid

overfitting, and to ensure the optimal minimum is reached. The output node

uses the sigmoid activation function. The Binary Cross-Entropy (BCE) loss is

used, with the Adam optimiser and a learning rate of lr = 0.01

The hyperparameters in Table 9.1 were selected by running a Bayesian optimisa-

tion procedure for each classifier with the objective of maximising the Area Under

Curve (AUC) metric. The scikit-optimize package [75] was used to conduct the

procedure.

Hyperparameter Selected Value
number of hidden layers 4
hidden layer nodes (200, 200, 200, 24)
hidden activation LeakyReLU(alpha=0.3)
dropout rate 0.05

Table 9.1 The selected hyperparameters of each neural network classifier.
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9.6.2 Variable Selection Procedure

For each model, all 40 input variables are ranked using a Boosted Decision Tree

(BDT) developed with the XGBoost [69] package. The BDT is trained on the

same classification objective as the neural network model in consideration. The

neural network model is then trained recursively using the list of input variables,

each time increasing the number of variables in order of their ranking. For each

iteration, the neural network is trained 5 times so that statistical fluctuations in

the training procedure can be accounted for. The performance of each neural

network training is monitored using the AUC metric. The minimum number of

training variables is selected after which no significant improvement in the AUC

is observed.

The full set of selected variables used in each model can be found in Table 8.3 in

Section 8.

9.6.3 Variable Selection Results

The results of the variable selection procedure are presented for each neural

network model. This includes the variable ranking obtained from the associated

BDT model, and the recursive feature selection results. For each model, the top

20 variables are selected.

The results of the variable selection procedure for the tHqb κt = +1 vs κt = −1

model are shown in Figure 9.7.

Gain

ATLAS Work in Progress

ATLAS Work in Progress

Figure 9.7 Variable ranking and recursive feature selection results in the tHqb
κt = +1 vs κt = −1 model.
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The results of the variable selection procedure for the tHqb κt = +1 vs NTI data

model are shown in Figure 9.8. Only variables that have a correlation with mγγ

of < 5% are considered, avoiding any mass sculpting effects.

Gain

ATLAS Work in Progress

ATLAS Work in Progress

Figure 9.8 Variable ranking and recursive feature selection results for the
tHqbκt = +1vs NTI data model.

The results of the variable selection procedure for the tHqb κt = −1 vs NTI data

model are shown in Figure 9.9. Only variables that have a correlation with mγγ

of < 5% are considered, avoiding any mass sculpting effects.

ATLAS Work in Progress
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ATLAS Work in Progress

Figure 9.9 Variable ranking and recursive feature selection results for the
tHqbκt = −1vs NTI data model.

9.6.4 Model Performance

The performance of each model is evaluated on the subset of events that enter

the tHqb multiclass category. The performance of the tHqb κt = +1 vs κt = −1
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model, the tHqb κt = +1 vs NTI data model, tHqb κt = −1 vs NTI data model

and the are shown in Figures 9.10, 9.11, and 9.12 respectively.

ATLAS Work in Progress

ATLAS Work in Progress

Figure 9.10 Performance of the tHqb κt = −1 vs κt = −1 model in terms of
class separation and ROC.

ATLAS Work in Progress

ATLAS Work in Progress

Figure 9.11 Performance of the tHqb κt = +1vs NTI data model in terms of
class separation and ROC.
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Figure 9.12 Performance of the tHqb κt = −1vs NTI data model in terms of
class separation and ROC.

9.6.5 Mass Sculpting

Each model was tested for mass sculpting of the non-resonant background. Any

sculpting can affect the background fit in the statistical model of the analysis.

The ttγγ simulated sample was used to test for sculpting. Three different cut

values on each neural network discriminant were considered. No significant mass

sculpting was observed.

9.7 Event Categorisation Optimisation

To select the optimal event categorisation of the tHqb process, a sensitivity in-

vestigation that accounts for statistical uncertainty is conducted. The sensitivity

of each categorisation option is evaluated under the two objectives: maximising

sensitivity to the SM tHqb process, and maximising sensitivity to the κt = −1

hypothesis. The most sensitive event categorisation is then selected. The

statistical stability of each categorisation is also considered. The following section

describes this procedure in more detail, including how the statistics-only counting

experiment is conducted, how different categorisations are constructed, and the

results of the procedure. The exclusive validation dataset is used in this process

to avoid potential biases.
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9.7.1 Stat-Only Counting Experiment

A binned statistics-only fit is conducted using the following steps. The results of

the fit are used to assess the sensitivity of the categorisation.

1. Signal Monte-Carlo (MC) events are categorised, and then normalised using

the normalisation factors in Table 8.2.

2. A double-sided Crystal Ball (DSCB) is fitted to the inclusive signal MC in

the mγγ spectrum in each category.

3. A window is defined in the mγγ spectrum that contains 90% of the signal

yield; the yield in this window is labeled S90.

4. A background sample, either NTI data or MC, is categorised.

5. In each category a probability density function (pdf) is fit to the background

sample. An exponential of a second-order polynomial is used if the yield is

greater than 400 events, or an exponential otherwise.

6. The fitted pdf is scaled to the TI data side-band yield and by a factor of

55/45 to account for the relative size of the Higgs signal region. The factor

is obtained by taking the ratio of the total number of bins and the number

of bins in the signal region in the mγγ spectrum.

7. The background yield B90 is then defined as the intergral of the background

pdf in the S90 mγγ window.

An Asimov fit is conducted, using the calculated S90 and B90 yields. When

conducting a measurement of a single process, other signal yields and the B90

yield are considered as background.

In the fit, measurements of the cross-section of the ttH process and the tH

processes are conducted. The sensitivity to the κt = −1 hypothesis is also

evaluated. This is done by parameterising the yields of the tHqb and tHW

processes as a function of κt in each of the analysis categories, following the same

procedure as detailed in Section 9.8. The expected sensitivity to the κt = −1

hypothesis is evaluated as the likelihood ratio between a fit conducted under the

κt = −1 hypothesis, to a fit conducted under the SM hypothesis.
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9.7.2 Categorisation Construction

The following procedure is used to build event categorisation options.

All events that are categorised to be tHqb-like by the multiclass BDT are

considered. First, two categories are built by scanning through the tHqb κt

neural network discriminant, creating a tHqb κt = +1 (SM) like category and a

tHqb κt = −1 like category for each cut choice. Cuts that result in less than 9

TI data side-band events in either category are rejected.

Next, to maximise sensitivity to the two objectives, the non-resonant background

in each of these categories is rejected using the two background rejection neural

network models developed in Section 9.6.

In this background rejection procedure, the non-resonant background is modelled

using the ttγγ MC sample, as it was determined to best model the TI data side-

band in each NN discriminant. Prior to rejecting background, the ttγγ yield is

scaled to the yield of the TI data side-band, and by a factor of 55/45 to account

for the relative size of the Higgs signal region. The factor is obtained by taking

the ratio of the total number of bins and the number of bins in the signal region

in the mγγ spectrum.

The non-resonant background is then rejected in each of the categories by

scanning through the NN discriminant and selecting the cut that maximises the

S90/B90 significance S. The following significance calculation is used:

S =

√
2 ·
(
(s+ b) · log

(
1 +

s

b

)
− s
)

(9.4)

Where s is the number of signal events in the category, and b is the number of

background events in the category.

Categories are required to have at least 9 events in the side-band integral of the

background fit pdf. In each category the S90 window is assumed to be constant,

saving computation time. If there are enough MC side-band events, the procedure

is repeated, creating two sensitive categories to the corresponding objective. The

sensitivity of each categorisation option is then evaluated using the stat-only

counting experiment procedure detailed in Section 9.7.1.

Figure 9.13 illustrates how an example categorisation is constructed using the
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three neural network discriminants.
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Figure 9.13 Schematic showing how categorisations are constucted using each
neural network discriminant. ”+1 Like” indicates a category that
is sensitive to the tHqb κt = +1 (SM) process, ”-1 Like” indicates
a category that is sensitive to the tHqb κt = −1 process, and ”b
Like” indicates a region that is determined to be background like.

9.7.3 Results

The results of the categorisation optimisation procedure are in Figure 9.14. The

selected categorisation is chosen on a compromise between the sensitivity of the

two objectives, and statistical stability.
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Figure 9.14 Results of the tHqb categorisation investigation in terms of the
negative uncertainty on the tH cross-section and the constraining
power on the κt = −1 hypothesis. Categorisations to the upper
right show a better performance. Categorisation options are
indicated with a blue cross. The circled cross shows the selected
categorisation.
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The chosen categorisation is defined by two categories that are sensitive to the

tHqb κt = +1 (SM) process, and one category that is sensitive to the κt = −1

hypothesis. Events that do not pass either of these three selections are deemed

to be background-like, and are merged with other similar categories produced by

the ttH and tHW categorisations as detailed in Section 8.3.

9.8 Signal Yield Parameterisation

As demonstrated in Section 9.5, the event shapes of the tHqb and tHW processes

have a strong dependency on κt and κV . This affects the expected tH yields (yi)

in each analysis category in addition to the cross-sectional dependencies detailed

in Section 8.3:

yi(κt, κV ) = L · σtH(κt, κV ) · A(κt, κV ) · ϵi(κt, κV ), (9.5)

where i denotes the target category, A is the acceptance of the ATLAS, detector

and ϵi the efficiency for the tH events to pass the requirements of category i, and

L is the luminosity of the LHC.

To capture the efficiency effects, the expected event yield yi(κt, κV ) is param-

eterised in each of the analysis categories. Importantly, the parameterisation

captures the dependencies A(κt, κV ) and ϵi(κt, κV ), which is an improvement

over previous methods, which only account for the dependence in σtH(κt, κV ).

Each parameterisation is calculated via the analytical solution to the following

equation,

yi(κt, κV ) = κt
2Ai + κ2VBi + κtκVCi (9.6)

where yi represents the predicted yield in category i, and Ai, Bi, and Ci are three

unknown factors. Three tHqb MC samples simulated with different κt values

(κt = −1, κt = 1 and κt = 2) are used. The expected yields of each sample are

used to solve for Ai, Bi, and Ci in Equation 9.6. A bootstrapping technique is

used to estimate the statistical uncertainty in each yield, with 100 draws. The

uncertainty in each parameterisation is then inferred from the yield uncertainties.

A closure test is conducted by comparing the yield predicted by the parameteri-

sation to the yield of a tHqb MC validation sample simulated with κt = 0.5. Any
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deviations are explained by statistical fluctuation.

The yield parameterisations of the tH and tHW processes in the tH categories

can be found in Table 9.2. The full set of parameterisations in all H → γγ

analysis categories are provided in Appendix A. Two example parameterisations

in graphical form can be found in Figure 9.15.

Process Category A B C

tHqb

tHqb, BSM (κt = −1) 8.220 8.760 -15.980
tHqb, High-purity 0.380 1.790 -1.170
tHqb, Med-purity 1.100 2.600 -2.700
tHW 6.100 6.470 -11.560

tHW

tHqb, BSM (κt = −1) 2.510 2.170 -3.690
tHqb, High-purity 3.820 2.460 -5.280
tHqb, Med-purity 2.770 3.020 -4.790
tHW 3.080 2.350 -4.430

Table 9.2 Yield parametrisations as a ratio to the SM expected yield for the
tHqb and tHW processes in the tH analysis categories.

ATLAS Work in Progress

(a) Yield parameterisation for the tHqb
process in the tHqb High-purity
analysis category.

ATLAS Work in Progress

(b) Yield parameterisation for the
tHW process in the tHW analysis
category.

Figure 9.15 Yield parameterisations in the tHqb and tHW high-purity analysis
categories. Red points indicate the yield and κt values that were
used to analytically solve the parameterisation. The blue solid line
indicates the nominal parameterisation, and the light blue band
indicates the statistical uncertainty of the parameterisation. The
yellow point indicates the validation.

Some yield parameterisations have large statistical uncertainties. The effect of

these uncertainties on the κt exclusion limits was tested. Effects were found to

be negligible when compared to the statistical uncertainty on the SM tH cross-

section [9].
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9.9 Summary

For this thesis, a novel search for tH production has been delivered. The search is

performed in the framework of an analysis targeting all production modes which

can be measured with high sensitivity in H → γγ decays, detailed in Chapter 8.

The main new developments presented in this chapter are: event categorisation of

the tHqb process was using three neural network models, and a parameterisation

to capture the efficiency dependency of the tHqb and tHW processes on κt and

κV .

The measured tH production signal strength is:

µtH = 2.6+4.2
−3.2 = 2.6+3.7

−2.9(stat.)
+1.6
−1.1(syst.). (9.7)

This pioneering work achieves the most stringent constraint on the tH SM cross-

section, and the κt = −1 hypothesis to date. It also establishes the ability

of ATLAS to probe tH production; Figure 9.16 shows the unique contribution

to the ATLAS combination of all Higgs decay modes [76]. It highlights the

H → γγ channel as the only contributor to the tH sensitivity. This work has

thus contributed to the experimental understanding of the Higgs boson.

Figure 9.16 Ratio of observed rate to predicted SM event rate for different
combinations of Higgs boson production and decay processes. The
horizontal bar on each point denotes the 68% confidence interval.
The narrow grey bands indicate the theory uncertainties in the SM
cross-section times the branching fraction predictions. The p-value
for compatibility of the measurement and the SM prediction is 72%.
Taken from [76].
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The discovery of the Higgs boson by the ATLAS and CMS collaborations in 2012

completed the Standard Model of particle physics, but it marked only the start of

a rich physics program at the Large Hadron Collider (LHC). Since the discovery,

the focus has moved toward precision measurements of the Higgs boson and its

interactions.

This thesis presented the latest precision analysis of the Higgs boson properties

using the di-photon decay channel (H → γγ). With the LHC Run 2 data of 139

fb−1, the channel presented a newfound sensitivity to the rare single-top Higgs

(tH) production process. The tH process also is sensitive to the sign of the

top quark Yukawa coupling strength κt, and presented a unique opportunity to

constrain it. Previous constraints on κt from the the ATLAS analysis of the

combined measurements of Higgs boson production and decay using up to 80

fb−1, left the negative values un-excluded in the region −1.2 ≤ κt ≤ −0.6 at the

95% CL level.

A novel analysis in the H → γγ decay channel was developed for the tHqb process

to capitalise on this opportunity. The analysis used three neural network models.

A set of original variables were designed and used to train the models, bringing

enhanced sensitivity to the tH process and the κt hypotheses. Using the models,

the analysis event categorisation was simultaneously optimised for sensitivity to

the Standard Model (SM) tH cross-section measurement, and the sign of κt.

A parameterisation to capture the efficiency dependency of the tHqb and tHW

processes on κt and κV was also developed, improving the sensitivity to κt. The

ratio of the measured and predicted tH cross-sections was reported as:

σtH/σ
SM
tH = 2.6+4.2

−3.2 = 2.6+3.7
−2.9(stat.)

+1.6
−1.1(syst.). (9.8)

An upper limit on the tH cross-section was set at 10 times the SM expectation at

the 95% CL, and negative values of the top quark Yukawa coupling were excluded

at 2.2σ.

The results show significantly higher sensitivity to the tH process and κt than

those reported by the CMS experiment. The CMS analysis of the Higgs boson

properties in final states with electrons, muons, and hadronically decaying tau

leptons using 139 fb−1 of data, reported the ratio of the measured and predicted

tH cross-sections as:

σtH/σ
SM
tH = 5.7± 4.0 = 5.7± 2.7(stat.)± 3.0(syst.). (9.9)
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Negative values of the top quark Yukawa coupling were not excluded at the

95% CL. The CMS analysis of the Higgs boson properties using H → γγ decay

channel using 139 fb−1 of data, reported the ratio of the measured and predicted

tH cross-sections as:

σtH/σ
SM
tH = 6.3+3.7

−3.4 = 6.3+3.8
−3.4(stat.)

+0.5
−0.7(syst.). (9.10)

An upper limit on the tH cross-section was set at 14 times the SM expectation

at the 95% CL.

The cutting-edge work in this thesis, therefore, has set the most stringent

constraints on the tH cross-section and the κt = −1 hypothesis to date. It has

also established the sensitivity of the ATLAS experiment to the tH production

process. The work furthers the understanding of the SM and the Higgs boson,

and builds the foundations for future analyses of the tH process.

In order to conduct even more precise measurements of the Higgs boson and

its processes in the future, very large sets of data will be required. Even larger

amounts of simulated data will be needed to design the associated analyses. This

presents an issue for the ATLAS experiment’s future, in which it is required to stay

within a strict computing budget. Currently, a significant fraction of computing

time is spent simulating processes in the ATLAS detector. The AtlFastIII (AF3)

simulation toolkit solves the issue, as a fast and accurate alternative to traditional

slower Monte-Carlo simulation techniques.

This thesis presented a significant contribution to AF3; the development of the

muon punch-through component. The component uses a parameterised approach

to accurately model the muon punch-through effect in the ATLAS detector.

Accurate modelling of this effect is essential for understanding muon fakes and for

hadronic jet calibration. The component uses a collection of techniques to achieve

the required accuracy, including a novel calibrated neural network model. These

contributions will play a significant role in the future simulation program of the

ATLAS experiment, enabling more precise measurements of the Higgs boson.
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Appendix A

Yield Parameterisations

Category A B C

GG2H GE2J MJJ 0 350 PTH 0 60 0 2.240 3.850 -5.090
GG2H 0J PTH 0 10 0 3.520 1.990 -4.520
GG2H 0J PTH GT10 0 1.560 4.120 -4.680
GG2H 1J PTH 0 60 0 2.540 6.490 -8.030
GG2H 1J PTH 0 60 1 2.170 3.610 -4.780
GG2H 1J PTH 120 200 1 2.710 4.510 -6.220
GG2H 1J PTH 60 120 0 5.120 7.710 -11.830
GG2H 1J PTH 60 120 1 1.810 2.610 -3.410
GG2H GE2J MJJ 0 350 PTH 0 60 1 3.170 3.520 -5.690
GG2H GE2J MJJ 0 350 PTH 0 60 2 2.680 3.370 -5.050
GG2H GE2J MJJ 0 350 PTH 120 200 0 5.890 7.460 -12.350
GG2H GE2J MJJ 0 350 PTH 120 200 1 5.110 6.590 -10.700
GG2H GE2J MJJ 0 350 PTH 60 120 0 2.850 4.000 -5.850
GG2H GE2J MJJ 0 350 PTH 60 120 1 3.170 4.070 -6.250
GG2H GE2J MJJ 350 700 PTH 0 200 0 6.600 2.970 -8.570
GG2H GE2J MJJ 350 700 PTH 0 200 1 2.670 3.690 -5.360
GG2H GE2J MJJ 350 700 PTH 0 200 2 3.570 3.660 -6.230
GG2H GE2J MJJ 700 1000 PTH 0 200 0 1.150 2.990 -3.140
GG2H GE2J MJJ 700 1000 PTH 0 200 1 1.550 2.700 -3.250
GG2H GE2J MJJ 700 1000 PTH 0 200 2 1.810 2.530 -3.340
GG2H GE2J MJJ GT1000 PTH 0 200 0 1.640 3.060 -3.710
GG2H GE2J MJJ GT1000 PTH 0 200 1 0.620 2.130 -1.750
GG2H GE2J MJJ GT1000 PTH 0 200 2 1.010 2.540 -2.560
GG2H PTH 200 300 0 5.240 5.470 -9.710
GG2H PTH 200 300 1 5.080 6.010 -10.090
GG2H PTH 300 450 1 7.840 7.020 -13.860
GG2H PTH 300 450 2 6.190 5.700 -10.890
GG2H PTH 450 650 0 5.450 10.020 -14.470
GG2H PTH 450 650 1 5.900 9.060 -13.970
GG2H PTH 450 650 2 6.890 6.210 -12.100
GG2H PTH GT650 0 16.240 14.570 -29.810
QQ2HLL PTV 0 75 1 2.390 3.910 -5.300
QQ2HLL PTV 150 250 0 6.550 7.330 -12.880
QQ2HLL PTV 150 250 1 4.660 5.660 -9.310
QQ2HLL PTV 75 150 0 3.790 5.400 -8.190
QQ2HLL PTV GT250 0 8.510 7.250 -14.760
QQ2HLNU PTV 0 75 0 5.050 4.210 -8.260
QQ2HLNU PTV 0 75 1 3.210 2.790 -5.000
QQ2HLNU PTV 150 250 0 9.350 13.960 -22.310
QQ2HLNU PTV 150 250 1 4.490 1.640 -5.130
QQ2HLNU PTV 75 150 0 5.330 6.220 -10.560
QQ2HLNU PTV 75 150 1 3.380 4.010 -6.390
QQ2HLNU PTV GT250 0 14.030 13.880 -26.920

Category A B C

QQ2HNUNU PTV 0 75 0 2.060 0.930 -1.990
QQ2HNUNU PTV 0 75 1 2.130 4.230 -5.360
QQ2HNUNU PTV 0 75 2 2.160 2.210 -3.360
QQ2HNUNU PTV 150 250 0 10.320 10.180 -19.500
QQ2HNUNU PTV 150 250 1 22.940 20.700 -42.650
QQ2HNUNU PTV 150 250 2 4.960 4.450 -8.410
QQ2HNUNU PTV 75 150 1 4.320 7.650 -10.970
QQ2HNUNU PTV 75 150 2 4.060 5.200 -8.260
QQ2HNUNU PTV GT250 0 11.250 3.050 -13.300
QQ2HNUNU PTV GT250 1 9.480 3.250 -11.730
QQ2HQQ 0J 1 2.650 6.080 -7.730
QQ2HQQ 0J 2 2.870 3.130 -5.000
QQ2HQQ 1J 2 1.770 2.670 -3.440
QQ2HQQ GE2J MJJ 0 60 0 1.950 5.900 -6.840
QQ2HQQ GE2J MJJ 0 60 2 7.630 9.450 -16.080
QQ2HQQ GE2J MJJ 120 350 0 1.360 4.330 -4.690
QQ2HQQ GE2J MJJ 120 350 1 3.440 3.780 -6.220
QQ2HQQ GE2J MJJ 120 350 2 4.460 4.980 -8.440
QQ2HQQ GE2J MJJ 350 700 PTH 0 200 0 18.620 15.290 -32.910
QQ2HQQ GE2J MJJ 350 700 PTH 0 200 2 0.750 3.230 -2.980
QQ2HQQ GE2J MJJ 350 700 PTH GT200 0 4.080 7.910 -10.990
QQ2HQQ GE2J MJJ 350 700 PTH GT200 1 2.550 3.190 -4.740
QQ2HQQ GE2J MJJ 350 700 PTH GT200 2 3.900 3.240 -6.140
QQ2HQQ GE2J MJJ 60 120 0 16.420 12.730 -28.150
QQ2HQQ GE2J MJJ 60 120 1 36.870 32.920 -68.790
QQ2HQQ GE2J MJJ 60 120 2 8.450 7.970 -15.410
QQ2HQQ GE2J MJJ 700 1000 PTH 0 200 1 0.350 0.230 0.420
QQ2HQQ GE2J MJJ 700 1000 PTH GT200 0 1.140 2.630 -2.770
QQ2HQQ GE2J MJJ 700 1000 PTH GT200 1 2.610 3.800 -5.400
QQ2HQQ GE2J MJJ GT1000 PTH GT200 0 0.630 2.100 -1.730
QQ2HQQ GE2J MJJ GT1000 PTH GT200 1 0.190 2.100 -1.290
THJB MINUS1 0 8.220 8.760 -15.980
THJB 0 0.380 1.790 -1.170
THJB 1 1.100 2.600 -2.700
THW 0 6.100 6.470 -11.560
TTH PTH 0 60 0 5.290 4.280 -8.580
TTH PTH 0 60 1 6.150 5.560 -10.710
TTH PTH 120 200 0 4.100 2.560 -5.660
TTH PTH 120 200 1 4.620 3.140 -6.760
TTH PTH 200 300 0 5.410 5.850 -10.260
TTH PTH 60 120 0 4.390 4.230 -7.620
TTH PTH 60 120 1 4.130 3.710 -6.840
TTH PTH GT300 0 6.520 5.840 -11.360
BKG LIKE TOP 4.260 4.130 -7.390

Table A.1 Yield parametrisations as a ratio to the SM expected yield for the
tHqb process in all of the analysis categories. Parameterisations are
not reported where the expected SM yield is less than or equal to zero.
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Category A B C

GG2H GE2J MJJ 0 350 PTH 0 60 0 1.370 1.670 -2.040
GG2H 1J PTH 120 200 0 3.830 0.450 -3.280
GG2H 1J PTH 120 200 1 1.330 3.190 -3.520
GG2H 1J PTH 60 120 1 2.150 1.030 -2.180
GG2H GE2J MJJ 0 350 PTH 0 60 1 1.750 0.810 -1.550
GG2H GE2J MJJ 0 350 PTH 0 60 2 1.770 0.810 -1.580
GG2H GE2J MJJ 0 350 PTH 120 200 0 3.630 4.490 -7.120
GG2H GE2J MJJ 0 350 PTH 120 200 1 2.290 1.940 -3.230
GG2H GE2J MJJ 0 350 PTH 60 120 0 2.770 1.510 -3.280
GG2H GE2J MJJ 0 350 PTH 60 120 1 2.240 1.140 -2.380
GG2H GE2J MJJ 350 700 PTH 0 200 0 4.940 3.270 -7.220
GG2H GE2J MJJ 350 700 PTH 0 200 1 4.400 2.550 -5.950
GG2H GE2J MJJ 350 700 PTH 0 200 2 3.060 1.400 -3.460
GG2H GE2J MJJ 700 1000 PTH 0 200 0 3.600 2.430 -5.030
GG2H GE2J MJJ 700 1000 PTH 0 200 1 4.570 2.430 -5.990
GG2H GE2J MJJ 700 1000 PTH 0 200 2 5.440 1.520 -5.960
GG2H GE2J MJJ GT1000 PTH 0 200 1 1.040 3.650 -3.690
GG2H GE2J MJJ GT1000 PTH 0 200 2 4.040 1.960 -5.000
GG2H PTH 200 300 0 2.390 3.980 -5.370
GG2H PTH 200 300 1 3.800 3.910 -6.710
GG2H PTH 300 450 0 5.000 6.620 -10.620
GG2H PTH 300 450 1 5.520 6.530 -11.050
GG2H PTH 300 450 2 7.370 5.390 -11.760
GG2H PTH 450 650 0 7.140 11.530 -17.670
GG2H PTH 450 650 1 10.850 11.650 -21.490
GG2H PTH 450 650 2 9.740 10.090 -18.830
GG2H PTH GT650 0 12.540 13.280 -24.820
QQ2HLL PTV 0 75 0 1.130 0.080 -0.220
QQ2HLL PTV 0 75 1 2.300 1.120 -2.430
QQ2HLL PTV 150 250 0 4.010 4.150 -7.160
QQ2HLL PTV 150 250 1 3.110 2.350 -4.470
QQ2HLL PTV 75 150 0 2.110 1.810 -2.920
QQ2HLL PTV 75 150 1 4.500 1.280 -4.770
QQ2HLL PTV GT250 0 5.230 5.390 -9.620

Category A B C

QQ2HLNU PTV 0 75 1 1.360 2.360 -2.720
QQ2HLNU PTV 150 250 0 3.520 3.270 -5.790
QQ2HLNU PTV 150 250 1 3.420 1.580 -4.000
QQ2HLNU PTV 75 150 1 1.730 2.150 -2.890
QQ2HLNU PTV GT250 0 10.210 8.250 -17.470
QQ2HLNU PTV GT250 1 4.900 0.610 -4.500
QQ2HNUNU PTV 0 75 0 1.080 0.810 -0.900
QQ2HNUNU PTV 0 75 1 2.150 0.090 -1.240
QQ2HNUNU PTV 150 250 0 3.040 2.220 -4.260
QQ2HNUNU PTV 150 250 1 5.780 5.720 -10.500
QQ2HNUNU PTV 150 250 2 3.650 2.270 -4.910
QQ2HNUNU PTV 75 150 1 1.830 2.070 -2.900
QQ2HNUNU PTV 75 150 2 2.770 2.140 -3.910
QQ2HNUNU PTV GT250 0 6.700 5.360 -11.060
QQ2HNUNU PTV GT250 1 7.760 3.910 -10.660
QQ2HQQ 0J 2 0.740 1.140 -0.880
QQ2HQQ GE2J MJJ 0 60 1 0.870 1.160 -1.030
QQ2HQQ GE2J MJJ 0 60 2 1.620 1.680 -2.300
QQ2HQQ GE2J MJJ 120 350 1 2.800 2.430 -4.240
QQ2HQQ GE2J MJJ 120 350 2 2.560 1.870 -3.430
QQ2HQQ GE2J MJJ 350 700 PTH 0 200 2 5.260 1.150 -5.410
QQ2HQQ GE2J MJJ 350 700 PTH GT200 1 6.610 6.000 -11.600
QQ2HQQ GE2J MJJ 350 700 PTH GT200 2 5.090 4.120 -8.210
QQ2HQQ GE2J MJJ 60 120 0 16.120 5.720 -20.830
QQ2HQQ GE2J MJJ 60 120 1 4.430 2.850 -6.280
QQ2HQQ GE2J MJJ 60 120 2 3.190 2.290 -4.480
QQ2HQQ GE2J MJJ 700 1000 PTH GT200 0 9.520 2.780 -11.300
QQ2HQQ GE2J MJJ 700 1000 PTH GT200 1 5.920 5.030 -9.950
THJB MINUS1 0 2.510 2.170 -3.690
THJB 0 3.820 2.460 -5.280
THJB 1 2.770 3.020 -4.790
THW 0 3.080 2.350 -4.430
TTH PTH 0 60 0 1.190 1.450 -1.640
TTH PTH 0 60 1 1.720 0.760 -1.480
TTH PTH 120 200 0 2.910 2.250 -4.160
TTH PTH 120 200 1 2.660 2.080 -3.740
TTH PTH 200 300 0 3.980 3.860 -6.840
TTH PTH 60 120 0 2.090 1.250 -2.340
TTH PTH 60 120 1 2.000 0.940 -1.950
TTH PTH GT300 0 6.410 6.670 -12.080
BKG LIKE TOP 2.580 1.560 -3.130

Table A.2 Yield parametrisations as a ratio to the SM expected yield for the
tHW process in all of the analysis categories. Parameterisations are
not reported where the expected SM yield is less than or equal to zero.
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