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Abstract

Projection studies for the non-resonant Higgs boson pair production in the
bbbb final state with the ATLAS detector at the HL-LHC are presented.
They are based on extrapolated results of the latest Run 2 analysis which
targeted both the gluon-gluon fusion and vector-boson fusion Higgs bo-
son pair production modes and exploited 126 fb~! of Vs = 13 TeV data.
The projection assumes an integrated luminosity of 3000 fb~! for HL-LHC
proton-proton collisions at /s = 14 TeV. Various systematic uncertainty
scenarios are explored. With (without) systematic uncertainties, the discov-
ery significance of the Standard Model Higgs boson pair production is found
to be 1.00 (1.80), while the 95% confidence-level upper limit on the HH
signal strength is set at 2.0 (1.1). The allowed 68% confidence-interval for
the HHH coupling modifier ) is found to be [—0.5,6.1] (][0.1,2.6]), while
the allowed 68% confidence-interval for the HHVV coupling modifier kg
is [0.7,1.4] ([0.7.1.3]).
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Lay Summary

The Higgs boson was found at the Large Hadron Collider (LHC) in 2012,
after being predicted nearly 50 years earlier. The Higgs gives mass to other
fundamental particles and completes the widely accepted theory of particle
physics called the Standard Model (SM). Since its discovery, the way the
Higgs is produced has been closely studied and the results match the SM’s
predictions, but this means there’s no evidence of new physics. Producing a
pair of Higgs bosons (HH) is much rarer than producing just one and hasn’t
been seen yet. It’s not possible to observe HH production at the LHC, but
it might be possible at the upgraded LHC, the HL-LHC. This study aims to
investigate the prospect of measuring HH production, when they turn into
four b-quarks, using the ATLAS detector at this future HL-LHC.
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Preface

The research presented in this thesis is a part of the ATLAS collaboration
and would not have been possible without the efforts of the many physi-
cists, engineers, technicians, students, and support staff who make up the
ATLAS community. The studies shown here are based on a Run 2 analy-
sis of the HH — bbbb final state, which involved a team of approximately
50 members. My main contribution was to extend the analysis to the con-
ditions at the HL-LHC, which involved further examination of the physics
and systematic effects and required significant computational resources, in-
cluding the development of new coding infrastructure capable of processing
tens of thousands of simulations for different combinations of parameters,
luminosities, and systematic scenarios. I was the main contributor of these
extrapolations, but I was guided closely by my group of Maximilian Swiat-
lowski, Marco Valente and Christopher Gubbels. Figures without references
in the caption have been produced by me or in close collaboration with me.
Figures with “ATLAS Preliminary” have been approved by the ATLAS col-
laboration. Figures that I have produced without an ATLAS label or with
“ATLAS Internal” have not been approved by the collaboration. The work
from this thesis was made public in the form of:

e ATLAS Collaboration. HL-LHC prospects for the measurement of
Higgs boson pair production in the bbbb final state and combination
with the bbyy and bbr 1~ final states at the ATLAS experiment
ATL-PHYS-PUB-2022-053

The primary purpose of this public document is to investigate Higgs pair
production in the bbbb final state at the HL-LHC using the ATLAS detec-
tor. I authored most of this section, with significant assistance from Marco
Valente during the editing process. The content of the main body of this
public document substantially overlaps with the work presented in this the-
sis. However, this thesis goes beyond the public document by providing
additional theoretical and experimental background and analyzing some of
the results in greater depth. Moreover, the public document includes a sec-
tion on the combination of the bbbb final state with two other final states.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Preface

Although I did not write this section, I collaborated with the groups re-
sponsible by providing the necessary information and data to obtain the
combination results.
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Chapter 1

Introduction

Ten years have passed since the discovery of the Higgs boson in 2012 at the
Large Hadron Collider (LHC)[1, 2]. In that time, the properties of single
Higgs production (H) have been extensively studied. All the measurements
regarding the spin and couplings of the Higgs boson are consistent with the
predictions of the Standard Model (SM) (3, 4, 5, 6]. As a result, there have
been no signs of new physics beyond the SM (BSM) related to the Higgs
boson. However, the pair production of the Higgs boson (HH) has yet to
be observed and studied due to its significantly lower cross-section, which is
1000 times smaller than that of single Higgs production [7].

The pair production of the Higgs boson through its self-interaction via
the coupling Aprprpr is of particular interest because within the SM, it relates
to the Higgs boson mass my and the vacuum expectation value (vev) v via
/\I%Af] = % The self-coupling Az can be modified by BSM scenarios
[8]. Measuring its value would allow for important tests of the mechanism
responsible for electroweak symmetry breaking and BSM theories. It would
also provide insight into the shape of the Higgs potential, which has far-
reaching physical implications. For example, the minimum the universe
currently finds itself in within the Higgs potential might not be the true
minimum, depending on the shape of the Higgs potential. The universe
could therefore transition to the true minimum through quantum tunneling,
which could result in a complete alteration of the universe and its physical
laws [9, 10]. The Higgs potential’s shape also reveals how it changed from
its early universe shape to its current shape, and if electroweak baryogenesis
occurred, which could explain the matter-antimatter asymmetry [11, 12].
Measuring the final states of HH production allows for the direct constraint
of this self-coupling, and thus also BSM theories and the shape of the Higgs
potential.

Within the SM, at my = 125 GeV and /s = 14 TeV, HH produc-
tion is dominant through gluon-gluon fusion (ggF) with a cross-section
oSM = 36.775% (scale+myo)+3.0%(as+PDF)fb [13, 14, 15, 16]. The un-
certainties in the cross-section, known as “scale”, “myep”, “as” and “PDF”
are due to the choice of renormalization scheme, the mass of the top quark,



Chapter 1. Introduction

the strong coupling constant and the usage of parton distribution functions,
respectively. The next leading process for HH production is vector boson
fusion (VBF) which within the SM has a predicted cross-section 10 times
less than ggF with o}, = 2.067003% (scale) + 3.0%(as + PDF)fb [13].

The search for HH production at the LHC using the ATLAS detector
is ongoing. The latest results, from /s = 13 TeV proton-proton collisions,
have combined HH analyses in the bbbb, bbr+7~ and bbyy decay channels
with H analyses in the vy, ZZ*, WW?*, 777~ final states. The integrated
luminosity for these results is 126 — 139fb~1[17]. No significant signal was
observed, but an observed (expected) upper limit of 2.4 (2.9) was set on
the HH signal strength, p = UggF+VBF/U§gg]\1/[f+VBF7 at a 95% confidence
level (CL). The signal strength pu is calculated as the sum of the ggF HH
and VBF HH cross-sections, divided by the same cross-section in the SM
scenario.

A major upgrade to the LHC, the High Luminosity LHC (HL-LHC), is
set to be complete around 2027. The upgraded accelerator is then expected
to deliver a total integrated luminosity between 3000 fb~! and 4000 fb~*
with y/s = 14 TeV until around 2040. The increase in center of mass energy
and substantial increase in luminosity make the HL-LHC an ideal location
to study HH production. A recent projection to the HL-LHC with an inte-
grated luminosity of 3000 fb~! and /s = 14 TeV found a signal significance
of 4.00 with systematic uncertainties and 4.50 without systematic uncer-
tainties [18]. This study used a combination of ATLAS and CMS analyses
conducted in the bbbb, bbr 77, bbyy, bbVV and bbZ Z final states using early
Run 2 LHC data. These recent studies show not only strong constraints on
HH production at the HL-LHC are possible, but also potentially discovery
and measurements of this process’s properties.

This thesis presents the latest extrapolations for the HH — bbbb process.
These extrapolations are based on the HH — bbbb analysis performed on
the available Run 2 data of 126 fb™! using the ATLAS detector [19]. This
Run 2 result yielded an observed (expected) signal strength upper limit of
5.4 (8.1) at a 95% CL. The observed (expected) constraints on the signal
strength p were found to be [-3.9, 11.1] ([-4.6, 10.8]) at a 95% CL. These re-
sults, which include a new data-driven background estimate, categorization
strategies and jet pairing techniques, improve on the previous HH — bbbb
projections based on 27.5 fb~1 [20, 21, 22]. The goal of this note is to use
these improvements to explore the sensitivity of the HH — bbbb analysis at
the HL-LHC.



Chapter 2

Introduction to Theoretical
Background

This section seeks to offer the theoretical background to aid in comprehend-
ing the principal workings and outcomes of this thesis. The explanations
provided take inspiration from references [23] and [24].

The Standard Model (SM) is a theory that describes the most funda-
mental known particles in the universe, as well as the interactions between
them. It is based on the framework of quantum field theory (QFT). Within
QFT, the terms “particles” and “fields” are commonly used interchangeably;
however, it is important to clarify that the fields are the fundamental aspect
of the theory, not the particles. These fields are responsible for producing
particles, which are tiny localized fluctuations within the fields. For exam-
ple, there is only one electron field for the entire universe. All electrons (and
positrons) in the universe are small fluctuations in this one quantum field,
and the same is true for the other fundamental fields and particles. Fig-
ure 2.1/ summarizes all the fundamental fields within the SM, detailing their
masses, spins, electric and color charges [25]. The fundamental fields that
correspond to matter are the 12 fermions: six quarks and six leptons. Both
the six quarks and leptons can be organized further into three generations.
The first generation consists of the up quark, down quark, electron, and
electron neutrino. The other two generations can be thought of as replicas
of the first generation, with the same structure but with each corresponding
particle being heavier for each consequent generation.'

2.1 Gauge theory and groups

The framework of QFT can describe freely propagating particles, but this
is not enough for particle physics since it is known that these particles have
interactions. To go from a theory with just QFT and freely propagating
particles to a theory with interactions such as quantum electrodynamics

"'With the exception of the three neutrinos masses which haven’t been measured yet.
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1st 2nd 3rd generation Goldstone outside
standard matter unstable matter force carriers bosons standard model

(7

(syprenb-1ue 9+)
syrenb g

(suoydo-ryue 9+)
suoydaf 9
Vs

12 fermions 5 bosons
(+12 anti-fermions) (41 opposite charge W)
increasing mass —

Figure 2.1: Pictorial summary of all the particles within the SM as well
as detailing their masses, spins, charges and color. The diagram does not
include the anti-particles, where there is one for each fermion shown with
the same mass and spin but opposite electric and color charge. [25]

(QED) or quantum chromodynamics (QCD), one needs to take an additional
step. This step is the implementation of gauge symmetries into the theory
[26]. A theory is said to exhibit a gauge symmetry when the resulting physics
remains unchanged under local transformations. These transformations can
be mathematically described using group theory. In this context, the group’s
elements are the transformations and the representations of the group are the
fields or particles that the transformations act on. Groups used in particle
physics are Lie groups. A Lie group governs the class of transformations
where an infinitesimal transformation can be used to construct any arbitrary
transformation. For example, a 60 degree rotation can be constructed from
many small 1 degree rotations. Transformations can be written as matrices;
for example, counterclockwise rotations R around the origin in the xy plane
through an angle 6 can be written as:

(2.1)

cosf —sind
sinf  cosO

R0) - |
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A property of Lie groups is that the transformations can be expressed using
an exponential map, as follows:

A= eioav” (2.2)

where g4 are referred as the generators of the group, providing the basis to
generate the transformation A, while v parameterizes the transformation.
To explain this further, consider rotations in three dimensions, which are
elements of a group called SO(3). In the case of SO(3), one needs a generator
for each plane of rotation, three in total: rotations along the xy, xz and yz
planes. Any transformation within the group can be performed through
a linear combination of the generators. The proportion of each generator
utilized is determined by the parameters v*:

ga - v = guya 4 guaB 4 gyay (2.3)

where «, 3, and 7 are the specific parameters for the generators gy, gz,
and gy, respectively. An explicit matrix form for the SO(3) generators areﬂ:

0 i 0 00 —i 0 0 0
goy=|—i 0 0 geo=10 0 0 g=10 0 i
0 00 i 0 0 0 —i 0
(2.4)

Performing the Taylor expansion for the g,, generator alone (using 6 as the
parameter instead of «) yields:

. . 1. 1.
Ruy(0) = €90 = T +ig,,0 + a(zgxyG)Q + g(zgmﬁ)3 + .. (2.5)

Then, by substituting the matrix form for the generator g,,, which can be
found in equation one obtains:

— %02 +.. —0+ % +6%.. 0 cosf —sinf 0
Roy(@) = [0 —56°+... 1-— %02 +.. 0] =|snd cosd O
0 0 1 0 0 1

(2.6)

yielding the same result as given in equation [2.1, but in three dimensions.

2.2 Symmetries and the Form of the Lagrangian

Interactions are introduced into the theory by ensuring that the laws of
physics remain unchanged under local transformations. These transforma-

2These set of three generators for SO(3) are not unique, theres many different sets.
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tions were introduced in the previous section, but it may not be immedi-
ately clear how they can be applied to the laws of physics. This is where
Lagrangians come into play. In particle physics, the laws of physics are
generally described by a Lagrangian L. Lagrangians provide an effective
method for implementing and enforcing these local symmetries. For exam-
ple, consider a theory with a complex scalar field ¢ without interactions,
described by the following Lagrangiarﬂ

£ = 0,60"3 + m265 (2.7)

Rotations in three dimensions belonging to the SO(3) group were looked at
previously in section ﬁ Now, consider a simpler group called U(1). It is
composed of unitary matrices of dimension one, which are simply complex
numbers with a norm of one. They can also be expressed as an exponential
map in the form of e, where 6 € [0,27). If one applies one of these
transformations, e?, to the Lagrangian, where 6 is constant for all positions
in space-time X* but arbitrary otherwise, then the fields will transform as
follows:

6= =’ 64 =9 (2.8)
The entire Lagrangian will transform like the following:
L L =08,00"¢ +m¢ ¢ (2.9)
Using the forms shown in eq to substitute in ¢ and ¢ gives:
L' = (9,e"9) ("¢ " ¢) + m* () (e o) (2.10)
Because ¢’ and e~ are constants, they can be moved through the deriva-
tives 0 and fields ¢, which results in:

L = (e9e7)8,00" ¢ + (e Ym2pp = L (2.11)

This is an example of the Lagrangian (and the laws of physics) remaining
unchanged under global U(1) transformations. However, as mentioned pre-
viously, gauge theory requires the Lagrangian to remain unchanged after
applying local transformations. Local transformations require the value of

3This is the Lagrangian formulation of the Klein-Gordan equation.

“Where the S in SO(3) stands for “Special” meaning that the matricies representing
transformations in the group have a determinant of 1, and the O means they have to be
orthogonal
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0 to depend on one’s local position in space-time X*#, resulting in the fields
transforming as follows:

b ¢ = I b d =G (212)

As previously shown in eq(2.11, € and e~ are constants and can be moved
through the derivatives, eventually canceling each other out. Now, e??(X*)
and e~ X" are not constants due to their dependence on X*, resulting in:

/

L= (0, g) (oM X G) 4+ (XX NP4 £ L (2.13)

This Lagrangian is no longer invariant under local transformations. The
Dirac Lagrangian describes the behavior of freely propagating spin—% mat-
ter particles, fermions, such as leptons and quarks. However, similar to
eq which describes spinless particles, the Dirac Lagrangian is not ini-
tially invariant under local U(1) transformations. Although not shown in
full mathematical rigor, the next section will explain the process of going
from the Dirac Lagrangian to the SM. This process involves enforcing the
invariance of the Lagrangian under local transformations, which will intro-
duce interactions through the electromagnetic, weak, and strong forces that
are not originally present in the Dirac Lagrangian.

2.3 The Standard Model

The Dirac Lagrangian describes freely propagating fermions like leptons and
quarks, but it is not initially symmetric under local U(1) transformations.
To enforce symmetry, an additional field, A, is introduced. This field is
chosen to transform in a way that keeps the Lagrangian invariant. These
additional fields, A,, are called gauge fields. One is needed for each gen-
erator of the group. In the case of U(1), only one gauge field is needed,
which corresponds to the photon of the electromagnetic force in quantum
electrodynamics (QED).

The strong force, or quantum chromodynamics (QCD), is similar to
QED, but with some key differences. One can get QCD by enforcing sym-
metryﬂ under SU(3) transformations. SU(3) is a group of 3 x 3 matrices
that are unitary like U(1), but with the extra constraint that they must
have a determinant of oneﬁ SU(3) has eight generators, which means it has
eight gauge bosons, the gluons.

Ssymmetry and invariance are used interchangeably
®Which is what the “S” stands for in SU



2.3. The Standard Model

Unlike QED, which is a symmetry for all particles carrying electric
charge, QCD is only a symmetry for quarks that carry color charge. In
QED, there is only one type of charge, and the photon transforms particles
between different states of this electric charge. In total, there are two possi-
ble states of electric charge: positive and negative. In QCD, there are three
types of color charge: red, blue, and green. The gluons transform quarks
between different states of color, which include six in total: red, anti-red,
blue, anti-blue, green, and anti-green.

Another difference is that, unlike QED, which has an abelian symme-
try, QCD has a non-abelian symmetry. This means that the matrices in
the group don’t commute, and the order of transformations matters. The
physical consequence of this non-abelian symmetry is that the gluons inter-
act with each other, while photons don’t. This non-abelian aspect of QCD
explains the short range of the strong force, along with hadronization and
color confinement.

The weak force is different from the strong and electromagnetic force
because it reflects a broken symmetry. This broken symmetry is related to
the fact that the gauge bosons for the weak force (the Z and W bosons)
have mass. One cannot form a locally symmetric gauge theory with just
the weak interaction, but one can if it’s combined with electromagnetism to
form electroweak theory.

Although the electroweak theory is symmetric in principle, it’s not a
current symmetry of the SM. However, it was a symmetry during the early
universe when the universe was very hot. As the universe cooled, it under-
went a phase transition, resulting in the broken symmetry observed today,
along with the massive Z and W bosons. Another important aspect to con-
sider is that adding masses to fermions breaks the gauge symmetries that
have been previously introduced. It is not possible to simply add masses
to the gauge theories of U(1) and SU(3). However, masses can be gener-
ated through another means, the Higgs mechanism. This mechanism breaks
electroweak symmetry and provides masses to the fermions and weak gauge
bosons, thereby completing our understanding of the Standard Model.

While the SM is able to explain many aspects of particle interactions,
the SM is not a complete theory of the universe. Some of the main issues
with the SM are that it is unable to explain the force of gravity, dark matter
and neutrino masses [27, 28, 29]. Another failure of the SM is that it cannot
explain the matter-antimatter asymmetry of the universe [11]. The following
section explores one possible solution that can be provided through the Higgs
mechanism, and motivates the search for Higgs pair production, a main topic
in this thesis.



Chapter 3

The Higgs Mechanism

It was previously mentioned that fields are fundamental, and that parti-
cles are just fluctuations on top of the fields. To describe the field ¢, one
can think of expressing the tiny fluctuations d¢ (which represent observable
particles) on top of the pre-existing non-fluctuating field ¢g, which can be
thought of as a background. The field can be expressed as ¢ = ¢g + d¢.

Given a theory that includes the field ¢, one can find solutions for ¢ that
satisfy the laws of physics encoded by the Lagrangian. Then, by considering
the fluctuations around the ¢ solution, we can understand the behavior of
the observable particles d¢ associated with ¢. When ¢y = 0 is a solution,
the resulting fluctuations around it corresponding to the observable particles
are all massless and have a localized symmetry. However, if ¢g9 # 0, a
background field that is not trivially zero everywhere, the resulting physics
produces particles with mass and breaks the localized symmetry [23, 24].

This is what happens with the Higgs field in the SM, which causes elec-
troweak symmetry breaking (EWSB) and gives the weak bosons mass in
the process. The Higgs field, denoted by ¢, has four components or degrees
of freedom. These four components (hy, ho, hs, hy) are arranged into a
complex doublet under SU(2) transformations.

hi +ihg

¢ = (hg + ih4> (3.1)

It is important to distinguish between the Higgs field, denoted by ¢, and
the Higgs boson, denoted by h. They are deeply connected, but they are not
the same thing. The Higgs field is the fundamental field. The Higgs boson
is a small fluctuation in the Higgs field, one of its four degrees of freedom.
It only emerges after EWSB. It manifests itself as a physically observable
scalar particle, being observed at the LHC in 2012 with a mass of 125 GeV.
Before EWSB, all four degrees of freedom of the Higgs field were massless
scalar particles, and there was no Higgs boson. Only after EWSB did one
of these degrees of freedom become the Higgs boson, while the other three

degrees of freedom were absorbed by the three weak gauge bosons, giving
them mass.



Chapter 3. The Higgs Mechanism

The form of the Higgs potential allows the Higgs field to obtain a non-
zero background value (¢g # 0), also referred to as the vacuum expectation
value (vev). The potential is encoded in the Standard Model (SM) La-
grangian in the following form:

V(9) = —6to + TN (60 (32)

In order to fully visualize the Higgs potential, one would need five dimen-
sions: one dimension for the value of the potential V'(¢), and four dimensions
for each component of the Higgs field (hy, ho, h3, hy). However, it is not
possible to visualize all four of the Higgs components at once. It is useful
to show a simplified version of the potential in terms of just one or two of
the Higgs field’s components. Despite this simplification, the characteris-
tics of EWSB and the Higgs mechanism can still be captured. Therefore,
diagrams shown here will only use one of the four Higgs field components,
labeled as the “Higgs field parameter”, while the other three components
are assumed to be equal to zero. The background value for the Higgs field
and the resulting fluctuations representing particles must be solutions (min-
ima or maxima) of the Higgs potential. The Higgs field occupying a given
solution is often represented as a particle itself, which is sometimes referred
to simply as the “Higgs”. An example of this can be seen in figure [3.1al.

Higgs Higgs
Potential Porential
S
I EwSB

vV
I
A4
I

(a) Before EWSB (b) After EWSB

Figure 3.1: Visual illustration of electroweak symmetry breaking (EWSB)
through the Higgs mechanism.

The Higgs potential, shown in figure [3.1a), has a shape known as a “Mex-
ican hat”. This shape has the right properties to allow for EWSB. Before
EWSB, the Higgs occupied the solution at the maximum of the potential in
the middle. At this maximum point, the potential and the background value
of the Higgs field is zero, and the fluctuations around it result in physics that
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3.1. Higgs pair production and shape of Higgs potential

exhibit a localized symmetry. This symmetry can be seen visually by imag-
ining the Higgs sitting on top of the potential and reflecting the potential
around the y-axis. After this reflection, the resulting shape of the potential
will be the same, indicating that there is a symmetry present.

The solution at the maximum is unstable. Eventually, the Higgs will roll
down from the maximum to one of the available minima, either to the left
or the right. As an example, figure [3.1b|shows the Higgs rolling to the right.
When the Higgs rolls down the potential, the background value of the Higgs
potential is no longer zero, breaking the symmetry.

Similar to how the symmetry was visible when the Higgs was at the
maximum of the potential, the broken symmetry can also be visible. For
example, assume the Higgs decays to the right minimum, as shown in figure
If the potential is reflected around the y-axis, it will no longer look the
same. This is because the Higgs will be reflected from the right minimum
to the left minimum, indicating a broken symmetry.

This non-zero value and broken symmetry give mass to the weak gauge
bosons and fermions, with the mass being proportional to the acquired vev.
The direction in which the Higgs falls, either to the left or the right, is
random and arbitrary, which is why the process is called a spontaneous
symmetry breaking.

3.1 Higgs pair production and shape of Higgs
potential

The shape of the Higgs potential after EWSB can be rewritten in a more
telling way by expanding around the minimum in terms of the physically
observable Higgs boson h. It can be written as:

V(h) = Vo + A?h? + kadoh® + ... (3.3)

where Vj is an arbitrary constant representing the non-zero height of the
potential, v is the vev and k) is the coupling modifier.

The precise shape of the Higgs potential is not known. The part that has
been measured is based on the Higgs physical mass, which corresponds to the
\v?h? term in Equation However, the full picture of the Higgs potential
is not shown in Equation Contributions from higher-order terms in
the Lagrangian, related to the Higgs interacting with other particles, can
alter the stability and shape of the potential. This is explored further in
Section [3.2 The next term from Equation [3.3) that can be measured is the
cubic term, h3, also known as the tri-linear coupling. This term represents

11



3.1. Higgs pair production and shape of Higgs potential

Higgs self-interaction and enables Higgs pair production. The Higgs self-
interaction is parameterized by k) and in the SM scenario, ky = 1. The
Feynman diagrams for Higgs pair production are shown in figures and
From these diagrams, it can be seen that the x) term appears in some of
the diagrams, figure and figure The other diagrams also introduce
further couplings, such as the Higgs to the top quark (parameterized by r),
the VVHE coupling (ky ), and the VVHH coupling (k2y). Within the SM,
the parameters relating to these couplings (ki, kv, k2y) are also equal to one.
The work done in this thesis is not able to probe the other couplings apart
from koy. The parameter ko offers an insight into the gauge structure
of the Higgs and the results of this work can be found in section 7.3

%LQ,Q.Q,Q_Q.Q_,__H

2 u,QQ,Q—Q-Q“——L—j— H

(a) ggF tri-linear coupling (b) ggF box diagram

Figure 3.2: ggF H H production Feynman diagrams

jgi”z%i\i

) VBF tri-linear cou- ) VBF ’fv production
) VBF VVHH vertex phng mode

Figure 3.3: VBF HH production Feynman diagrams

Studying HH production can provide insight into the Higgs self-coupling
and the shape of the Higgs potential. This Higgs self-coupling has yet to
be measured precisely, making it an important area of study. Moreover, the
shape of the Higgs potential holds clues to both the death and birth of the
universe, which makes it an even more fascinating subject of study, as will
be explored in the next two sections [9, 11].

"Where “V” represents a vector boson, so either a W or Z boson
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3.2 Instability of Higgs potential and death of
universe

As previously stated, the current understanding of the shape of the Higgs
potential is primarily based on the Higgs physical mass, M}, , represented by
the h? term in Equation However, external contributions from higher-
order terms in the Lagrangian that describe the interaction between the
Higgs and other particles can also impact the shape of the potential. As the
Higgs interacts more with heavier particles, this effect is largely dominated
by the mass of the top quark, M;, which is currently the heaviest known
fundamental particleﬁ Current best measurements [7] of the Higgs mass Mj,
and the top mass M; are:

M), = 125.25(17) GeV, M; = 173.2(9) GeV (3.4)

The relationship between the stability of the universe and the Higgs
potential can be seen in figure The figure illustrates three different
scenarios: a stable potential in green, a meta-stable potential in orange, and
an unstable potential in red. If the Higgs potential is either meta-stable or
unstable, it means that the minimum that the Higgs currently finds itself
in is not a true minimum. In this scenario, the Higgs could potentially
quantum tunnel down the potential. This would happen through a barrielﬂ
Once the Higgs goes down the potential, it acquires a different non-zero
vev, changing the mass of all the fundamental particles. This would result
in a change in the laws of chemistry, and the fine-tuning of both large and
small scale structures, effectively bringing an end to the current universe.ﬂ
According to the plot in figure the current experimental values of M;
and M, suggest that the Higgs potential and the universe are metastable,
on the edge of stability. Investigating H H production further could provide
more information about the exact stability of the universe.

8BSM physics could also play a role here in the stability of the Higgs potential. For
example, a possible explanation for neutrino masses is the type I see-saw mechanism,
which predicts a heavy right-handed neutrino. Like the top quark, its large mass would
greatly affect the shape of the Higgs potential.

9A barrier is a peak in the potential separating the two minima

10This change in the Higgs would happen somewhere in locally in the universe, inside a
bubble, that would soon expand, very quickly reaching the speed of light and destroying
everything in the way. 9]
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Figure 3.4: Showing the stability of the SM Higgs potential in term of the
mass of top quark M; against mass of Higgs M), via|9]
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Figure 3.5: Instability of the Higgs potential
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3.3 Electroweak baryogenesis and birth of
universe

Conventional QFT as introduced previously is suitable for making predic-
tions in empty space-time. This works well for making predictions on ob-
servables such as cross-sections at particle colliders. However, the extremely
high temperatures of the early universe also had a significant matter and
radiation density, making the conventional QFT approach inadequate. Com-
bining elements of thermodynamics to take into account the conditions of
the early universe suggests that the shape of the Higgs potential depends on
temperature.

Since the temperature has changed dramatically since the early universe,
the shape of the Higgs potential has also changed. This change in the shape
of the Higgs potential explains how the Higgs field came to be at the maxima
of the potential, despite the fact that the solution at the maximum is unsta-
ble. In the early stages of the universe, the solution at ¢y = 0 was stable,
as depicted in figure However, as the universe cooled, this solution
became unstable, as shown in figure Eventually, the Higgs decayed
into one of the minima solutions, leading to EWSB, as illustrated in figure
The early universe Higgs potential also has interesting consequences

nid®

p ol
"“,‘f.:.w\ “‘,'f::w»\ $\’-"" e
A\ 3 »
\\ W
i [ e
(a) Early universe (b) Intermediate stage (c) Today

Figure 3.6: Illustrative example of how Higgs potential transitioned from
early universe to some exemplary intermediate stage to the shape today
explaining how it could end up with a unstable maxima solution.

for some of the shortcomings of the SM. One of these shortcomings is the
lack of antimatter currently observed in the universe. Electroweak baryoge-
nesis is one proposed mechanism that provides an explanation to solve this
matter-antimatter asymmetry problem [11]. In order for electroweak baryo-
genesis to occur, the three Sakharov conditions [30] must be met. These
conditions are:

1. Baryon number violation

15



3.3. Electroweak baryogenesis and birth of universe

2. C' and C'P violation
3. Out of equilibrium interactions

In the SM, baryon violation can occur through the process of sphalerons|31],
which are non-perturbative phenomena that cannot be described by tradi-
tional Feynman diagrams. Sphalerons convert three baryons into three anti-
leptons, or three anti-baryons into three leptons, and vice versa. However,
due to high suppression from the Higgs vev, sphalerons do not appear to
have a measurable rate post-EWSB [32]. Since sphalerons also allow for the
production of anti-baryons, there must be C' and C'P violation to ensure
that the process of producing baryons is greater than the process of produc-
ing anti-baryons. This can be also already be achieved within the Standard
Model through the complex phase of the CKM matrix [33]. The CP viola-
tion within the SM may not be sufficient, but there are several BSM theories
that include the necessary additional amount [34].

In the SM, the transition of the shape of the Higgs potential from the
early universe to today could occur smoothly, as demonstrated by the brown
arrows in figure 3.7, However, this smooth transition would not satisfy
Sakharov’s third condition of out-of-equilibrium dynamics. The out of equi-
librium dynamics is possible when the Higgs potential undergoes a strong
first order phase transition as shown by the green arrows in figure This
phase transition occurs when the shape of the intermediate Higgs potential
has barriers, similar to the death of the universe. With these barriers, lo-
calized pockets of the Higgs field can quantum tunnel through the barriers
and into the minima with non-zero vev’s. The out of equilibrium dynamics
comes from the fact that matter and antimatter have different probabilities
to quantum tunnel through the barrier, thus satisfying the final condition
for electroweak baryogenesis. Although model-dependent, some models sug-
gest that a value of k) greater than 1.5 is required for a strong first-order
phase transition and electroweak baryogenesis to occur [35]. Hence, a pre-
cise measurement of this parameter could provide insight into something
fundamental about the early history of the universe.
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Figure 3.7: Possible electroweak baryogenesis via a first order phase transi-
tion of Higgs potential
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Chapter 4

ATLAS detector

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a 27km long particle accelerator lo-
cated 100 m underground at CERN near Geneva, Switzerland. Within the
LHC, two beams of protons are accelerated close to the speed of light. The
beams travel in opposite directions and are brought together to collide the
particles. The beams are guided around the circular accelerator by super-
conducting dipole magnets that must be cooled to —271.3°C (1.9K). The
beams of particles also have to be kept in an ultra-high vacuum in order to
prevent collisions between the accelerating particles and contaminating gas
particles.

The points where the beams collide are called interaction points, and
detectors and experiments are built around each of these four points to
measure the resulting physics from the collisions. These detectors include
ATLAS, CMS, LHCb, and ALICE, with the latter being unique in that it
is primarily designed for studying the collisions of heavy ions. The LHC’s
Run 2, which is used in the projections of this thesis, provided proton-
proton collisions at a center-of-mass energy of 13 TeV. Before the LHC can
accelerate the protons to this energy, it uses a series of smaller accelerators
and machines to gradually build up the energy and speed of the particles.
The whole chain of accelerators, including the LHC, is outlined in figure 4.1}

4.2 ATLAS at LHC

The ATLAS detector is a multi-purpose detector that is built to maximize its
physics program and discovery potential within the bounds of the LHC. Fig-
ure 4.2 shows a full schematic of ATLAS with all of its major sub-detectors
and subsystems labeled. The inner detector (ID) is the innermost part of the
detector[38], sitting only 3.3 cm away from the interaction point where the
protons collide. The ID is composed of three sub-systems: the silicon pixel
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The CERN accelerator complex
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Figure 4.1: CERN accelerator’s complex including the LHCI[36][37]

detector, the semiconductor tracker, and the transition radiation tracker.
With a total radius of 1.2m and length of 6.2m along the beam pipe, the
ID provides coverage of |n| < 2.5. The ID is embedded within a 2 Tesla ho-
mogeneous magnetic field, causing the tracks of charged particles to curve,
enabling the determination of the particle’s momentum. Surrounding the ID
and just outside the solenoid magnetic is the electromagnetic and hadronic
calorimeters. These measure the energy of both neutral and charged parti-
cles, absorbing the energy as the particles travel through them, with a total
coverage of |n| < 4.9[39].

The outermost part of the detector is the muon spectrometer (MS).
The MS is a large tracking system that is mainly used to detect, track
and measure the momentum of muons that easily escape from the inner
parts of the detector [40]. The MS provides a total coverage of |n| < 2.7.
The MS is similar to the ID in that they both use magnetic fields to curve
charged particles so that their momentum can be measured. However, the
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4.3. ATLAS at HL-LHC

MS is much larger, with less spatial resolution, and uses a toroidal magnetic
configuration.

ATLAS has a two-layered trigger system to select events for recording
[41]. The first layer is the hardware-based Level-1 (L1) trigger, which is used
to make coarse elementary cuts and dramatically reduce the data rate from
40 MHz to 100kHz. The L1 trigger is then followed by the software-based
High-Level Trigger (HLT), which uses more sophisticated algorithms to pick
events of most interest and further reduce the data rate to a manageable
final 1kHz.

barrel New Small Wheel (NSW)

barrel toroid magnet
muon chambers muon chambers 8

endcap

muon chambers inner detectors

endcap toroid
magnet
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Figure 4.2: Full schematic of ATLAS: A large Toroidal LHC Apparatus|37]
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barrel electromagnetic calorimeter

solenoid magnet

barrel hadronic calorimeter

4.3 ATLAS at HL-LHC

The High Luminosity Large Hadron Collider (HL-LHC) will collide protons
at an increased instantaneous luminosity by a factor of five to seven com-
pared to the LHC era. With this increased instantaneous luminosity comes
an increase in pile-up, which is the number of proton-proton collisions that
occur along the beam-pipe within the detector during each proton bunch
crossing. The pile-up during 2016 was around 25, while the pile-up ex-
pected at the HL-LHC is 140-200. The nominal integrated luminosity will
also increase by more than a factor of ten, resulting in a substantial increase
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in radiation damage to many of the detector components, electronics, and
other detector materials such as glue and cabling.

ATLAS has various planned upgrades to its sub-detectors and trigger to
help it cope with the radiation damage and pile-up expected from the condi-
tions at the HL-LHC[42]. All three sub-systems of the ID will be replaced by
a completely silicon system called the Inner Tracking Detector (ITK). The
ITK will extend the tracking coverage to |n| < 4 while providing a reduced
material budget, higher granularity, and a higher read-out bandwidth. The
improvement from the ITK will mean many key reconstruction techniques
such as b-tagging will be able to maintain their performance even in an en-
vironment with a substantial increase in pile-up. Since b-tagging is crucial
in the studies of HH — bbbb, a dedicated section exploring the results of
different future b-tagging performances in section is included.

The majority of pile-up interactions will be soft, which means that there
will be an increase in particles and occupancy in the forward directions of
the detector. In this area, the granularity of the calorimeters is coarser and
the momentum resolution of the ITK is worse. To address this, the high-
granularity timing detector (HGTD) will be installed in the forward regions,
in front of the end-cap calorimeters. The HGTD will provide more timing
information of charged particles, which will aid in the rejection of tracks
coming from pile-up interactions. Additionally, the muon spectrometer (MS)
will be upgraded to improve the trigger, including removing gaps to improve
trigger efficiency and reducing the fake trigger rate in the forward regions.
Improvements will also be made to the trigger and data acquisition systems
to increase the bandwidth readout and maintain a high signal acceptance,
despite the increased occupancy and pile-up from the HL-LHC’s higher data
rate.

The current baseline trigger and data acquisition system includes a hard-
ware level-0 (LO) trigger. This trigger has a maximum output rate of 1 MHz
and 10 us latency, using muon and calorimeter information. The system
also includes a software-based event filtering. This uses tracking informa-
tion and more sophisticated algorithms than L0 to provide a final output
rate of 10kHz [43]. With the HL-LHC output rate of 10 kHz, compared to
the Run 2 rate of 1kHz, ten times more data can be stored. The increased
bandwidth and improved information at the trigger level will help maintain
trigger thresholds even with more jets from higher pile-up events. As a re-
sult, more data and events are outputted from the trigger, and the process
of identifying events with interesting physics can be performed offline using
more advanced algorithms.
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Chapter 5

Run 2 Analysis

5.1 Data

These projections are based on the HH — bbbb analysis that was performed
on LHC proton-proton (pp) collision data at a center-of-mass energy of
v/s = 13 TeV, which was collected during the LHC Run 2 [19]. Since the
SM branching ratio of H — bb is 58.2%, around one third of all HH events
decay into bbbb, making it the most common di-Higgs final state [7]. This
makes HH — bbbb an important channel for studying HH.

For this analysis, data was collected in the years 2016, 2017, and 2018.
In 2016, 8.3 fb~! of data was lost due to inefficiencies in the online vertex
reconstruction, which affected the b-tagging algorithms used in the trigger.
As a result, the total integrated luminosity collected in the years 2016, 2017,
and 2018 was 24.6 fb™1, 43.7 fb~!, and 57.7 fb~!, respectively. This amounts
to a total integrated luminosity of 126 fb~1. Data was only collected when
the beam was in a stable condition and all relevant detector systems of
ATLAS were deemed functional.

The primary focus of this section is to provide an overview of the anal-
ysis methods, such as the definition of signal regions and the estimation of
background, in order to provide sufficient experimental context for under-
standing the HL-LHC extrapolations. Therefore, some details regarding the
Run 2 analysis, such as its results, will not be discussed here.

Two main triggers are utilized in this analysis. They focus on the number
of jets and their b-tagging status [44]. The first trigger used to select the
4b events for the analysis requires at least two b-tagged jets and one other
additional jet (2b1j )EL while the second trigger also requires at least two b-
tagged jets but differs in that it needs two other additional jets (2b25). The
triggers also differ in their minimum transverse energy (E7) requirement.
The 2b2j trigger requires a 35 GeV for all its jets, while the 2b1j trigger

" The requirement for a minimum of three jets is only at the trigger level, using trigger-
level jets. After the trigger, these events typically have more jets reconstructed using offline
jet reconstruction algorithms. If the event still only has three jets, it will be vetoed, as
outlined in selection cut 2, as shown in Figure
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requires 35 GeV for its two b-tagged jets and 100 — 150 GeV (depending on
the year of data taking) for the additional jet. Reconstruction of the jets is
done via the anti-k; algorithm [45] with a radius parameter of R = 0.4. The
b-tagging done at the trigger level has a tagging efficiency between 40— 70%.
The MV2c20 algorithm was used in 2016, while the MV2c10 algorithm was
used in 2017 and 2018 [46].

5.2 Simulated Samples

Signal events were modeled using Monte Carlo (MC) simulations. The back-
ground events, however, were modeled using a fully data-driven method
outlined in section [5.5l This is because the dominant background of QCD
multi-jets is difficult to simulate via MC techniques. However, to vali-
date the data-driven background estimate, limited MC samples consist-
ing of di-jets and tf events were used. Owing to the large number of
signal variations used in the analysis, it was not practical to fully simu-
late a sample for each variation in k), Koy, and ky. For ggF initiated
processes, only k) = 1 and k) = 10 were fully simulated. k), = 0 and
kx = 20 were also simulated, but only at truth level, which means the de-
tector was not simulated. For VBF, only (ky, kov,kyv) = (1,1,1) (SM),
(1,1.5,1),(2,1,1),(10,1,1),(1,1,0.5), (=5,1,0.5) were fully simulated. It
can be theoretically shown that any signal variation of (ky, kay,Ky) can
be produced using a linear combination and/or reweighting of pre-existing
simulated signal samples mentioned above. This method was cross-checked
with various validation samples and was found to be in agreement.

The ggF events were generated using POWHEG BOX V2[47, 48| at Next-
to-Leading Order (NLO) using full NLO corrections with finite top mass and
the PDF4LHC PDF set [49]. They were then normalized using the Next-to-
Next-to-Leading Order (N2LO) cross-section calculated with approximate
top-quark mass effects [50]. VBF events were generated at Leading-Order
(LO) using MADGRAPH5_AMC@NLO [51] also with the PDF4LHC PDF set.
They were then normalized to the Next-to-Next-to-Next-to-Leading Order
(N3LO) cross-section [52].

In both the ggF and VBF events, PYTHIA8 was used for parton showering
and hadronization [53]. Additional samples were also created using HERWIG7
[54] to assess parton shower uncertainties in using different generators. After
events are processed via PYTHIA8 (or HERWIGT), they are passed through
the full ATLAS detector simulation infrastructure [55]. This infrastructure
uses the GEANT4 simulation tool to model the detector [55, 56].
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5.3. Object and Event Reconstruction

5.3 Object and Event Reconstruction

The primary vertex is defined as the point at which a pp interaction occurs.
It is reconstructed using at least two charged-particle tracks with a pp >
500 MeV measured via the ID [57]. Events may have multiple primary
vertices (pile-up), but usually only one of them, known as the hard scatting
primary vertex, is responsible for the interesting physics occurring in the
event. The vertex with the largest sum of squared track momenta (Xp2) is
chosen as the hard-scatter primary vertex.

The analysis shown in this thesis hopes to measure the HH — bbbb
process. However, neither of the Higgs bosons or any of the b quarks are
directly measured. This is because the lifetime of the Higgs boson is ex-
tremely short and the b quarks undergo a process called hadronization as
mentioned in section Thus, as illustrated in figure 5.1, what is seen
from the HH — bbbb process is neither the Higgs nor the b quarks but the
resulting particles from the hadronization of the b quarks.

There are a large number of particles produced during hadronization,
both electrically charged and neutral objects. Since all these particles travel
in a similar direction, they form a collective cone of particles referred to
as a “jet” (also illustrated in figure . Determining the properties of
the original quark that produced the jet is difficult and requires dedicated
algorithms.

D) Whet ochly happens.. Dwhet we see,.,

Br(n—*te)=S8"
a B o 3
" @ \ \ Ny
@ 19}

Figure 5.1: An illustration of how only the neither the Higgs or the b quarks
from the HH — bbbb process are visible but only the resulting jets from the
hadronization of the quarks.

The work of this thesis relies on the reconstruction of hadronic jets using
the anti-k; algorithm [45] with a radius parameter R = 0.4. In this analysis
the algorithm takes particle flow objects as inputs [58].

Particle flow objects are charged jet constituents that are found to orig-
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5.3. Object and Event Reconstruction

inate from the hard-scatter primary vertex. They leave behind a trail of
hits in the ID, forming tracks and energy deposits in the calorimeter. These
calorimeter deposits are grouped together into objects called “topological
clusters”. Pairing the information from the two sub-detectors is quite com-
plementary. For example, the ID has better resolution at lower energies while
the calorimeter has it better at higher energies. The ID has better angular
resolution but the calorimeter has more coverage in the forward parts of the
detector. And lastly, since tracks in the ID are associated with vertices, one
is able to filter out tracks originating from pile-up. The particle flow algo-
rithm [58] improves the measurement accuracy of charged-hadrons while still
keeping the calorimeter measurements of neutral-particles energies. This is
done by removing any double counting of charged-hadron calorimeter en-
ergy deposits by comparing their energies from the ID. Pile-up is further
suppressed by using the “jet vertex tagger” (JVT) algorithm [46]. This al-
gorithm is able to identify and reject jets that have too much of their energy
originating from pile-up interactions.

Initially, jets are reconstructed at the energy scale relative to the calorime-
ter energy deposits, not the energy scale of the original particles that con-
stitute the jet themselves. To overcome this, the jets are calibrated to the
correct particle energy scale using a jet energy scale correction (JES) [59].
This JES correction is done via simulated MC samples, so an additional
calibration is needed to correct the difference between jet energies in data
and simulation [59].

The process of b-tagging is the identification of b-jets, which are jets
containing b-hadrons that originate from a b-quark. The results of this thesis
depend heavily on the success of b-tagging, particularly since the final state
of the analysis and extrapolations includes four b quarks. Without b-tagging,
every b-jet would be accompanied by ~300 background jets that aren’t
from b-quarks, significantly lowering the sensitivity of the analysis [60]. The
ATLAS collaboration uses several b-tagging algorithms to help identify b-
jets, and the HH — bbbb analysis presented in this thesis uses the DL1r
algorithm [46]. These b-tagging algorithms take advantage of the relatively
long lifetime of b-hadrons. The b-hadrons travel a significant distance within
the detector before decaying, forming a distinct secondary vertex away from
the primary hard scattering vertex. The DLI1r algorithm is a multi-variant
classification approach that utilizes this presence of a displaced secondary
vertex. It also uses other information like transverse momentum and impact
parameters of ID tracks and the flight paths of b- and ¢- hadrons related to
the suspected b-jet.
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5.4. Selection and Categorization

5.4 Selection and Categorization

After triggering and reconstruction (1), a series of dedicated selections num-
bered (2-9) are shown in figure and are used to define regions enriched
in ggF and VBF signal events. The first further selection cut (2) requires
events to contain four or more central jets, where central jets are defined
as |n| < 2.5 and pp > 40 GeV, while forward jets have 2.5 < |n| < 4.5 and
pr > 30 GeV. The next selection cut (3) is to require at least four of these
central jets to be b-tagged. After step (3), the four highest pr b-tagged jets

(1) (6)
Pass trigger class (Sp)r < 65 GeV Yes\)
(7.VBF) (8.VBF) (9.VBF) >
Yes Yes Xwe> 15 X< 16 Mk > 400 GeV VBFSR
Yes Yes Yes
(5) No
(2) VBF Jets
= 4central jets 1an;| >3,
m;>1TeV
No
Yesl YesT \
(7.g8F) (8. ggF) (9.88F) >
/7 |Anul < 1.5 Xwe> 1.5 Xuri< 1.6 8gF SR
3 (@) Yes Yes Yes
>4btagged [——>| 26 centralor No
central jets Yes | forwardjets

ggF Selection

Figure 5.2: Flowchart summarizing the signal region selections of the Run
2 HH — bbbb analysis [19].

are chosen to reconstruct the pair of decaying Higgs bosons. Amongst these
four b-tagged jets, there are three possible combinatorial pairings to form
the two Higgs candidates (HC’s). This is illustrated in figure For each
of the three combinatorial configurations, the pair with the largest pr is
deemed the leading HC for that configuration. The algorithm then chooses
the configuration where the leading HC has the lowest AR. The quantity
AR is the angular distance between the two jets that make up a pair, de-
fined as AR = \/An? + A¢?. This configuration is chosen because the pair
of jets coming from a true Higgs should be more energetic and collimated
due to the Higgs initial momentum, thus they should have a smaller AR.
It is important to not only understand how the pairing algorithm cor-
rectly pairs jets in signal events, but also to understand how it pairs jets
that are not related to a Higgs bosons in background events. It is expected
for background events to reach the signal region, but it is the distribution
of these background events amongst the signal events that is important.
Another pairing strategy could increase its efficiency by using the fact that
pairs should have an invariant mass around the Higgs mass at 125 GeV.
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5.4. Selection and Categorization

However, this would mean that background events with no Higgs would also
have reconstructed pairs with invariant masses around the Higgs mass. This
would shift the background distribution to look more like the signal, and ul-
timately decrease sensitivity overall. After the pairs have been chosen and

Pa.c‘.r #1

Figure 5.3: The three possible combinatorical pairings when trying to form
the two two Higgs candidates (HC’s) from the four highest py b-tagged jets.

the HC’s have been reconstructed, the next step is to separate the events
into two distinct categories: ggF and VBF signal regions. This is done to
minimize overlap and increase sensitivity when the two regions are even-
tually combined. To separate the events, three cuts are applied (4, 5, 6).
These cuts target the characteristic VBF event topology, which produces at
least two additional energetic jets compared to ggF, due to the two outgoing
quarks that first radiated the vector bosons. The first VBF cut (4) requires
six or more jets, which now includes forward jets as well, to better account
for the two outgoing VBF jets that are typically more longitudinally sep-
arated. The jets with the largest invariant mass (m;;) are chosen as the
“VBF jets”.

The next VBF cut (5) requires m;; > 1 TeV and |n;;| > 3 for the VBF
jets. This targets the fact that the VBF jets are expected to be energetic
and well separated. The final VBF cut (6) is that the transverse component
of the vector sum of momenta (> p)r of the two VBF jets and the four jets
that make up the two HC’s must be less than 65 GeV. This cut ensures
that the six jets that make up the VBF system are balanced, which means
the vector sum of their momenta (> p)r is close to 0. This is because the
initial pp collision had no transverse momentum, thus any system with a
large transverse momentum is unlikely to be a VBF event.

The next part of the event selection process is divided into two streams:
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5.4. Selection and Categorization

one for VBF events, and the other for ggF events. Each stream will use a
set of final cuts that are specifically designed for the respective production
mode in order to more effectively identify the signal and reduce background
noise. If an event successfully passes all three VBF cuts (4, 5, 6), it will
move on to the VBF stream of final cuts. If it fails any of those cuts, it will
be directed to the ggF stream.

The first dedicated cut for the ggF stream (7.ggF) is to require a max-
imum separation in the pseudorapidity between the two HCs, |Angy| <
1.5. This cut is designed to reduce the number of multi-jet background
events that have separated topologies, while keeping the reduction of the
signal manageable. This cut is effective because the Higgs bosons produced
through the ggF process are not typically expected to have highly separated
topologies. Conversely this cut is not applied for the VBF stream as many
VBF events have separated topologies.

The next cut (8.ggF, 7.VBF) applies to both the ggF and VBF streams.
Its purpose is to reduce background from hadronic ¢t decays. This cut uses a
discriminant called Xyy¢. It quantifies the likelihood that an event contains
a top quark decaying into a b-quark and a W boson, which is the top quark’s
dominant decay process. To do this, the cut first reconstructs the W boson
for each possible pairing of the central jets. Then, it pairs the reconstructed
W candidate with any remaining b-tagged HC jets to form the top quark
candidate. Finally, it uses the reconstructed W and top t candidates to
calculate the Xy discriminant, which is defined as:

, mw —80.4GeV\2  [my — 172.5GeV \?
Xy = 5.1
wi mlﬂ\/( 0.1 mw ) + 0.1 my ( )

The reconstructed masses of the W and ¢ candidates are represented by my,
and my, respectively. The cut requires Xy > 1.5 since a higher value of
Xyw¢ indicates a lower probability that the event came from a top quark
decay.

With all preliminary cuts applied, it is useful to create a 2D mass plane
that plots the reconstructed mass of the leading HC (mg1) against the sub-
leading HC (mpg2). Figureshows the 2D mass plane. The red lines define
the analysis signal region (SR), and the dotted and dashed lines define the
control regions (CR). The CR regions are used to estimate the background,
as outlined in section This 2D mass plane is useful for defining the
events that make it to the SR because signal events are expected to peak
around the Higgs mass with:

(mpr1, mpe) ~ (125 GeV, 125 GeV) (5.2)
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Figure 5.4: The 4b mass planes of the reconstructed Higgs bosons candidates
for the (E[) ggF and (]E[) VBF signal selections [19].

The final shared cut (8.VBF, 9.ggF) takes advantage of this and uses a
discriminant, Xz, which calculates the difference between the expected
signal HC masses and the actual HC masses observed for a given event.
Mathematically, X can be expressed as the following:

2 2
XHH:\/(mHl 124 GeV) +(mH2 117G6V> (5.3)

0.1 mg 0.1 mpo

where 124 GeV and 117 GeV are the expected masses for the leading HC
and sub-leading HC respectively. Both of these masses are lower than the
true Higgs mass of 125 GeV due to expected losses in energy from the recon-
struction process. This cut requires Xgg < 1.6, where a lower value of Xy g
indicates the event is more likely to have originated from a true H H decay.
An extra final cut is applied to VBF events that have a mgg > 400 GeV be-
cause events with lower m g were found to have poor background modeling
and were removed.

5.5 Background Estimate

5.5.1 Background Estimate Method

There are two main sources of background events: QCD multi-jets, which
make up 80% (90%) for ggF (VBF), and the remaining background, which
is made up of ¢t events. One of the major improvements in comparison to
the last iteration of the analysis is the new fully data-driven background
estimate for both the QCD multi-jets and the ¢t contributions.
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5.5. Background Estimate

The technique involves using an alternative set of events which pass all
the same requirements outlined in section but with one key difference:
the events have to contain exactly two b-tagged jets. These are referred
to as the “2b” events, while the events that pass the normal requirements
outlined in section 5.4/ will be referred to as the “4b” events. Since the
number of 2b events is roughly two orders of magnitude higher than the 4b
events, the presence of HH — bbbb is negligible, and it can be safely assumed
that these events are almost entirely QCD or ¢t background contributions.
Figure shows the 2b background mass planes for the @ ggF and (]E[)
VBEF signal selections [19]. The background estimate takes advantage of the
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Figure 5.5: The 2b background mass planes of the reconstructed Higgs
bosons candidates for the (E[) ggF and VBEF signal selections [19].

consistent differences in the kinematics of 2b and 4b events across different
regions of the 2D mass plane. This is done using neural networks, which
learn the mapping between the kinematic distributions of 2b and 4b events
in control regions CR1 and CR2. Then, by using the neural networks trained
on the CR1 regions, the kinematic distributions of 2b events in the SR can be
mapped onto the 4b events SR to produce the nominal background estimate.

5.5.2 Background Estimate Systematics

Additionally, one more background estimate is derived from the CR2 re-
gions, which is used to create the CR12 shape systematic. This aims to
quantify the arbitrary choice of using one control region over another to
derive the background estimate. The systematic is defined as the difference
between the CR1 and CR2 predictions in the signal region. Another impor-
tant systematic is the Bootstrap systematic, which is designed to measure
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the statistical uncertainty in the background estimate. This is done by us-
ing not just one neural network, but 100 different networks for each control
region. Each network is trained on a different Poisson-sampled subset of the
data, known as a bootstrap sample. The background estimate is the average
of the 100 different bootstrap predictions, and the bootstrap systematic is
the standard deviation of those predictions.

5.6 Statistical Framework and Interpretation of
Results

The statistical framework of the analysis relies on performing various max-
imum likelihood fits to binned mpgpy distributions using events from the
signal region. The likelihood function represents a model that predicts the
data, and its inputs are parameters that can change the model’s predictions.
The likelihood output provides a measure of how well the model describes
the data, and a better fit between the model and the data leads to a higher
likelihood value. During likelihood fitting, the aim is to determine the pa-
rameter values that produce the best match between the model and the
data. In a simple case with one channel and no uncertainties, the likelihood
function is a product of Poisson distributions for each bin [61]. In each bin
b, the Poisson distribution depends on the expected number of events, 1. If
there is only one signal and one background source, the expected number of

events in each bin can be expressed as v, = ;wlflg + ugkg . In this expression,

ulfig and ngg are the expected number of signal and background events, re-
spectively, and p represents the signal strength. The signal strength is the
parameter of interest being measured by fitting the data. Given the binned

distribution n = {n;...np}, the likelihood can be expressed as:

L(nlu) = H Pois (nb\,uylfig - ngg> (5.4)
bebins

5.6.1 Uncertainties

The uncertainties being considered include those related to the combined in-
tegrated luminosity, jet energy scale and resolution, and flavor tagging for b,
¢, and light jets. Additionally, theoretical uncertainties such as those related
to parton showering, the Higgs boson cross-section, PDFs, branching frac-
tions, and ag are also being considered. Lastly, there is also the dominant
uncertainty which comes from the data-driven background estimate.
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In order to incorporate uncertainties into the likelihood, additional pa-
rameters must be added. These parameters can affect the distribution of the
model used to fit the data in various ways. One way in which the parameters
can affect the distribution is by changing the normalization, which alters the
distribution in each bin by the same amount without changing its overall
shape. Examples of normalization parameters include the signal strength
and the parameter corresponding to the uncertainty on the total integrated
luminosity. The parameters can also affect the model’s distribution on a
bin-by-bin basis. For example, this includes parameters that account for
statistical uncertainties and those arising from the bootstrap systematic.

Nuisance parameters are parameters associated with uncertainties. Un-
like the signal strength parameter u, the nuisance parameters are not of
direct interest to be measured but are still needed to help fit the model to
the data. During the fit, nuisance parameters are not free to vary and are
instead subject to constraints from auxiliary data. This auxiliary data, ag,
is prior knowledge and measurements of the systematic associated with the
parameter 6. A probability distribution is used by the likelihood function to
encode each constraint. In this analysis, a Gaussian distribution is typically
employedEL which specifies a nominal expected value of the parameter and
an associated width that represents the uncertainty. When adding in the
nuisance parameters and constraint terms, denoted by 6 and cg respectively,
the likelihood becomes:

L(n|p,0) = [] Pois (nslvs(u,0)) ] colaol6) (5.5)

bebins 0co

5.6.2 Statistical Tests

For the Standard Model signal hypothesis and different values of k) and Koy,
upper limits are set on the signal strength p and the signal cross-sections,
following the CLs prescription [62]. Fixing the signal strength p = 1, the
likelihood function can be parametrized by k) and koy, allowing for likeli-
hood scans to be produced with respect to these coupling modifiers. The ex-
pected discovery significance, which is the rejection of the background-only
u = 0 hypothesis, is also calculated. Unlike setting limits, the discovery
significance is (to first order) independent of the signal model. The statis-
tical analysis done in this work relied heavily on the use of two software
implementations: pure-Python HistFactory (pyhf) [63, 64] and quickstats
|65].

12The constraint function to use depends on the auxiliary measurement, Poisson con-
straints and log-normal constraints are also commonly used [61]
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Chapter 6

Extrapolation to HL-LHC

6.1 Integrated Luminosity and Center of Mass
Energy at HL-LHC

To account for differences in experimental conditions between Run 2 and the
HL-LHC, a set of multiplicative factors, known as scale factors, are applied
to the signal and background distributions of the Run 2 analysis. In the
case of Run 2, all scale factors have a value of one. The most significant
scale factor affecting the signal and background distributions is due to the
expected increase in luminosity for the HL-LHC. This scale factor is defined
as the ratio between the target HL-LHC integrated luminosity of 3000 fb~*
and the Run 2 integrated luminosity of 126 fb~!.

Another scale factor is applied to take into account the increase in center-
of-mass energy from /s = 13 TeV to /s = 14 TeV. For the ggF and VBF
HH signals, these scale factors are 1.18 and 1.19 respectively [66]. This
increase in energy will also result in an increase in the multi-jet background,
which is estimated to be scaled by a factor of 1.18 as was done in the previous
projection [21]. The effects of pile-up have not been studied directly in
this work. A simplifying assumption has been made that any decrease in
sensitivity caused by pile-up is balanced by improvements in the detector,
trigger, and reconstruction. This assumption is backed by studies examining
the conditions at the HL-LHC [67].

6.2 Systematic Scenarios

Additional scale factors are introduced to quantify the potential changes in
the systematic uncertainties from Run 2 to the HL-LHC. A scale factor of
one indicates that the systematic uncertainty is the same size as in the Run
2 analysis. The systematic scale factors used here for the HL-LHC are equal
to or less than one, implying that no uncertainty will increase relative to
their Run 2 size. This is due to anticipated improvements in the detectors,
theoretical predictions, and analysis techniques.
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To explore the impact of systematic uncertainties, various scenarios are
evaluated using different sets of systematic scale factors. Four main scenar-
ios, as detailed below, are used, following a similar approach as for the bbyy
and bbT7 projections in [68, 69):

e (No syst. unc.) A scenario considering only statistical uncertainties
to demonstrate the effects of completely removing all experimental
uncertainties. In this scenario, all systematic scale factors are set to
ZEero.

e (Baseline) A baseline scenario where relevant systematic uncertainties
are scaled down, following the improvements expected with the larger
HL-LHC dataset available [70]. The data-driven background uncer-
tainties are also reduced according to the integrated luminosity. This
consists in a 50% reduction of the bootstrap uncertainty at the HL-
LHC, while the shape uncertainty is assumed to be identical to Run 2.
Table shows a summary of the considered uncertainty scale factors
in this scenario.

e (Theoretical unc. halved) A scenario where Run 2 experimental un-
certainties are considered and theoretical uncertainties associated with
H H signals are halved, imagining a situation where theoretical meth-
ods improve but experimental methods remain unchanged compared
to the conditions at the HL-LHC.

e (Run 2 syst. unc) A scenario where uncertainties are maintained at
the same level as in Run 2, representing the most challenging scenario
where neither theoretical nor experimental techniques show improve-
ment compared to the conditions at the HL-LHC.

Section [7.4] explores additional systematic scenarios by examining the impact
of data-driven background uncertainties in greater detail.
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Table 6.1: Summary of the systematic uncertainty scale factors considered
in the HL-LHC baseline scenario. A scale factor of one indicates that the
systematic uncertainty is the same size as in the Run 2 analysis. The con-
sidered systematic uncertainties include: theoretical; flavour-tagging; jets;
luminosity; and the data-driven background bootstrap and shape uncertain-
ties.

Scale factors for

Systematic uncertainties
HL-LHC baseline scenario

Theoretical uncertainty 0.5
b-jet tagging efficiency 0.5
c-jet tagging efficiency 0.5
Light-jet tagging efficiency 1.0
Jet energy scale and resolution 1.0
Luminosity 0.6
Background bootstrap uncertainty 0.5
Background shape uncertainty 1.0
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Chapter 7

Results

7.1 HH signal strength

Table shows the 95% CL upper limit on the SM H H signal strength p,
as well as the expected discovery significance, calculated with respect to the
background-only hypothesis and combining the ggF and VBF channels, for
the various systematic uncertainty scenarios outlined in Section [6l For the
baseline systematic uncertainty scenario a significance of 1.00 is expected,
while for the scenario without systematic uncertainties this value increases
to 1.80.

The results from the previous HH — bbbb projections |21, 22| reported a
95% CL upper limit on the signal strength of 3.5 (1.5) and a significance of
0.60 (1.40)@ These updated results improve the upper limits on the HH
signal strength and the discovery significance by 40 — 65% when compar-
ing the baseline scenario to the previous projection performed with Run 2
systematic uncertainties. Figure shows the 95% CL upper limit on the

13The previous HH — bbbb result and hence prospect studies did not include the large
theoretical uncertainty originating from the scheme and scale choice of the virtual top-
quark mass [71]. Additionally, the previous projection did not consider any bootstrap
systematic uncertainty since the partial Run 2 version of the bbbb search did not account
for such a systematic uncertainty.

Table 7.1: Projected HL-LHC 95% CL upper limits on the HH — bbbb
production signal strength and discovery significance.

Signal strength Discovery
Uncertainty scenario 95% CL upper limit significance [o]
No syst. unc. 1.1 1.8
Baseline 2.0 1.0
Theoretical unc. halved 3.1 0.6
Run 2 syst. unc. 3.4 0.6
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7.1. HH signal strength

HH signal strength and the discovery significance for values of integrated
luminosity ranging from 1000 fb~! to 3000 fb~.
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Figure 7.1: The 95% CL upper limits @) on the signal strength and discovery
significance (]E[) evaluated at various integrated luminosity values ranging
from 1000 fb~! to 3000 fb~!. The significances of the scenarios associated to
Run 2 systematic uncertainties and halved values of theoretical uncertainties
are perfectly overlaid.
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7.2 Constraints on )

Confidence intervals (CI) on k) are derived by scanning the negative log-
likelihood function at different values of k) with an Asimov background-
plus-signal dataset assumed under the SM signal hypothesis (k) = 1). The
crossing of the likelihood scan with the values of 1 and 3.84 correspond to
the 68% (1o) and 95% CI of the k) parameter. Figure illustrates the
results from the likelihood scans in the four systematic uncertainty scenarios
previously introduced. On top of the main minimum at k) = 1, a secondary
minimum can be observed at k) values around 5. This results from a re-
duced acceptance of the HH — bbbb analysis in these BSM scenarios that,
combined with the higher theoretical HH cross-section, results in a similar
event yield to the SM H H signal. The 68% and 95% CI for x are reported
in Table

Under the HL-LHC baseline scenario, the 68% CI for k) is found at
[-0.5,6.1]. This CI is estimated to be [0.1,2.6] without systematic un-
certainties. In contrast, the xy 68% CI of the previous bbbb projections
were estimated to be [—2.3,6.4] ([—0.4,4.3]) with (without) systematic un-
certainties. This projection shows a general improvement, mainly due to
the updates on the analysis strategy, data-driven background estimation,
and b-jet tagging performance. It can be noted that the halved theoretical
uncertainty scenario is very close to the scenario with Run 2 systematic un-
certainties. This implies that theoretical uncertainties of H H signals have
a negligible impact if compared to other systematic uncertainties. As it will
be discussed later in Section the sensitivity of the bbbb channel to HH
signals is dominated by the data-driven background uncertainties, while the
other experimental uncertainties are found to play a sub-leading role.

The discovery significance was also calculated for a range of x) values

Table 7.2: A summary of the k) constraints for various HL-LHC systematic
uncertainty scenarios. The 68% and 95% CI are extracted from a likelihood
scan of k) assuming k) = 1 as signal hypothesis in the Asimov dataset.

Uncertainty scenario Ky 68% CI Ky 95% CI

No syst. unc. [0.1, 2.6] [-0.5, 6.4]
Baseline [-0.5, 6.1]  [-1.6, 7.5]
Theoretical unc. halved [-1.2,6.9]  [-2.6, 8.5]
Run 2 syst. unc. [1.2,6.9] [-2.8, 8.5]
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Figure 7.2: Profile likelihood scans @) and discovery significance (]E[) eval-
uated at different values of the ) coupling modifier in the resolved Run 2
HH — bbbb analysis for various HL-LHC systematic uncertainty scenarios.
In @ the scans are derived considering a x) = 1 Asimov dataset, and the
intersections of the dashed horizontal lines with the profile likelihood curve
define the 68% and 95% confidence intervals, respectively. In@ dashed hor-
izontal lines correspond to 3 ¢ and 5 ¢ significance.

39



7.2. Constraints on k)

and the resulting scan is reported in |7.2b,

As well as assuming the SM scenario of k) = 1, a likelihood scan was also
performed under the k) = 0 hypothesis and can be seen in figure|[7.3. These
results reveal a higher sensitivity to the k) = 0 hypothesis compared to the
SM hypothesis, as expected due to its larger predicted cross—sectioﬂ The
scan shows that the analysis is more sensitive to the £y = 0 hypothesis over
the SM hypothesis, which is expected since the prior has a larger predicted
cross section.

10 Ky =0, Koy =1 Asimov Data

j T | T T T | T T T | T T T TR T T T T T | T | T T

£ . 1
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Figure 7.3: The k) likelihood scan for non-SM k) = 0 Asimov data, for
various HL-LHC systematic uncertainty scenarios. The intersections of the
dashed horizontal lines with the profile likelihood curve define the 68% and
95% confidence intervals, respectively.

4 The total ggF + VBF predicted cross-section as a function of £ is shown using the

red curve in figure

40



7.3. Constraints on Koy
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Figure 7.4: Profile likelihood scan evaluated at different values of the koy
HHVYV coupling modifier in the resolved Run 2 HH — bbbb analysis for
various HL-LHC systematic uncertainty scenarios. The scans are derived
considering a k) = 1 and ko = 1 Asimov dataset. The intersections of the
dashed horizontal lines with the profile likelihood curve define the 68% and
95% confidence intervals, respectively.

A likelihood scan for the H HV'V coupling modifier ko1 is also performed
following an identical procedure to the sy likelihood scan. Figure [7.4] shows
the results of the scan for different systematic uncertainty scenarios assum-
ing ko = 1 and k) = 1 as signal hypothesis in the Asimov dataset. Under
the HL-LHC baseline scenario, the 68% CI for koy is found to be [0.7,1.4],
while when systematic uncertainties are ignored the 68% constraints reduce
to [0.7,1.3]. The 68% and 95% CI for koy in the different systematic uncer-
tainty scenarios are reported in Table [7.3
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7.4 Impact of the data-driven background
systematic uncertainties

Systematics uncertainties related to the data-driven background estimate
are found to be the dominant uncertainties in this updated HH — bbbb pro-
jection. Further studies of these systematic uncertainties are documented
in this section. To explore the potential impact of reducing the background
shape and bootstrap systematic uncertainties at the HL-LHC, several dedi-
cated data-driven background systematic uncertainty scenarios are defined.
In the future, the bootstrap uncertainty could be reduced from the enhanced
statistic of the dataset used for the training of the data-driven background
estimation, while the shape systematic could be improved through more so-
phisticated background estimation methods. A summary of the considered
scenarios and their scaling factors can be found in Table Other sys-
tematic uncertainties than the data-driven background ones are fixed to the
baseline values indicated in Table 6.1l Scaling factors of 0.2 are chosen here
for the improved scenarios since the decrease in the statistical uncertainty
from 126 fb~! to 3000 fb~! is around 0.2, providing a good benchmark for
potential improvement in the systematic uncertainties.

The k) likelihood curve assuming ) = 1 signal is displayed in figure [7.5|
The 95% CL upper limits on the signal strength, the discovery significance
and the 68% CI from the likelihood scan are summarized in Table [7.5

Table 7.3: A summary of the ko constraints for various HL-LHC systematic
uncertainty scenarios. The 68% and 95% CI are extracted from a likelihood
scan of koy assuming ko = 1 as signal hypothesis in the Asimov dataset.

Uncertainty scenario 68% CI ~ 95% CI
No syst. unc. [0.7,1.3] [0.6, 1.5]
Baseline [0.7, 1.4] [0.5, 1.6]
Theoretical unc. halved [0.6, 1.5] [0.4, 1.7]
Run 2 syst. unc. [0.6, 1.5] [0.4, 1.7]
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7.4. Impact of the data-driven background systematic uncertainties

Table 7.4: Summary of the dedicated background systematic uncertainty
scenarios and their scaling factors. Other systematic uncertainties are fixed

to the baseline values indicated in Table

Uncertainty scenario

Pessimistic bkg. unc.

Conservative bkg. unc. 1 (fix bootstrap unc.)
Conservative bkg. unc. 2 (fix shape unc.)

Optimistic bkg. unc.

Scaling factors (sf)

Bootstrap unc.
1.0
1.0
0.2
0.2

Ky =1, Koy = 1 Asimov Data
T T T T T T

Shape unc.
1.0
0.2
1.0
0.2

j 10 \7 T | T T T T | T T T T | T T
= -
J [ ATLAS Preliminary
|
8~ Vs=14TeV, 3000 fb’
I~ Projections from Run 2 data
I~ HH—bbbb (ggF+VBF)
6 —
| =+ Pessimistic Bkg unc.
~ Conservative Bkg unc. 1
A= (FixBootstrapunc,) __ _  AL\®&
|~ = Baseline
L Conservative Bkg unc. 2
oL (Fix Shape unc.)
L =+ Optimistic Bkg unc.
L | L
0 -15 -10 -5 5 10
Kn=NAsm

Figure 7.5: The profile likelihood scans for the k) coupling modifier for the
dedicated background scenarios (and the baseline scenario for comparison)

using an Asimov dataset with k) = 1.

The intersections of the dashed

horizontal lines with the profile likelihood curve define the 68% and 95%

confidence intervals, respectively.
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7.4. Impact of the data-driven background systematic uncertainties

Table 7.5: Results summary for the 95% CL upper limit on the signal
strength, the discovery significance and the 68% CI from the likelihood scan
for the dedicated background systematic uncertainty scenarios.

Uncertainty scenario
Pessimistic bkg. unc.
Conservative bkg. unc. 1
Conservative bkg. unc. 2

Optimistic bkg. unc.

Signal strength
95% CL upper limit
3.1
2.7
1.6
1.4

Discovery
significance [o]
0.6
0.7
1.3
1.4
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7.5 Further study of systematics

Comparing various uncertainty scenarios with the pessimistic one shows that
the bootstrap uncertainty has the greatest impact on sensitivity. Meanwhile,
the shape uncertainty has a smaller effect. This can be seen in figure |7.6,
which shows the discovery significance and 95% CL upper limits when one
systematic uncertainty is varied and the others are kept constant. The
dominance of the bootstrap systematic uncertainty over the shape system-
atic uncertainty is expected because the shape uncertainty is constrained
by the fit, reducing its impact. The bootstrap systematic uncertainty is
less constrained because it is more uncorrelated across the mgy spectrum,
leading to a greater effect on the projection results when its improvedEl

The dominance of the background bootstrap and shape systematics can
be seen further in figure This figure shows a heat map representing the
percentage loss in the upper limit of the signal strength p when an individual
systematic (on the x-axis) is removed for a given systematic scenario (on
the y-axis). The first row of shows the results from the blinded Run
2 analysis|[19] with 126 fb~1. The theoretical systematics are dominant in
this scenario, reducing the upper limit by 11%. The bootstrap and shape
systematics reduce the upper limit by 10% and 6.5%, respectively. The
theoretical systematics are largely unaffected by the number of events. For
instance, the uncertainty in the branching ratio of H — bb remains at 3.4%
in both scenarios with Run 2 sized systematics, regardless of the luminosity.
While the bootstrap and shape systematics are dependent on the number
of events and sensitive to the shape of the myy distribution, their impact
increases dramatically when the HL-LHC luminosity is introduced into the
Run 2 scenario.

7.5.1 Bootstrap systematic

The impact of the bootstrap systematic is highest in the “HL-LHC lumi &
Run 2 syst unc.” and “Pessimistic Bkg ubc.” scenarios. This is because the
absolute size of the bootstrap systematic uncertainty is largest in these two
scenarios along with the “Conservative bkg. unc. 1 (fix bootstrap unc.)”
scenario. In the latter case, the effect of removing the bootstrap systematic
is slightly less than in the other two prior mentioned scenarios, as the upper
limit is already lower due to the smaller size of the other systematics. Studies

15The shape is split into four kinematic regions per category (there are 6 categories in
total for ggF, and 2 for VBF), one nuisance parameter (NP) each, while the bootstrap
has a NP per bin, hence it is more uncorrelated.
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from the Run 2 analysis show that the bootstrap systematic will decrease
with the increased number of events at the HL—LH@ Nevertheless, given
the significant impact of the bootstrap systematic on sensitivity, alternative
methods should be considered in the future, with a focus on developing
background models that are not so heavily dependent on the 4b control
region.

7.5.2 Shape systematic

The impact of the shape systematic is highest in the “Conservative bkg.
unc. 2 (fix shape unc.)”, “HL-LHC lumi & Run 2 syst unc.” and “Pes-
simistic Bkg ubc.” scenarioﬂ This is because the shape systematic is
at its maximum in these scenarios. However, the Bootstrap systematic is
still at its maximum size too in the latter two mentioned scenarios, which
prevents a greater decrease in the limit. The results indicate that the cur-
rent method of estimating uncertainty is not adequate for the HL-LHC. To
address this, it may be necessary to have more flexibility in the shape sys-
tematic. This could be achieved by dividing the uncertainty into more than
the four kinematic regions currently used, introducing more NPs and less
constraint.

7.5.3 Ranking plots

The “Pessimistic Bkg unc.” scenario, in which background systematics are
the largest, reveals the significant difference in the constraints of the shape
and bootstrap systematics during the fit. This can be seen in the ranking
plot shown in figure The y-axis displays the 10 NPs with the greatest
impact, while the x-axis shows the change in the size of each NP’s constraint
from their pre-fit error bars (in red) to the post-fit error bars (in black).
Figure shows that the shape systematic NPs become more constrained
after fitting, while figure [7.8b| shows a relatively constant constraint for
the bootstrap NPs. This explains why shape systematics have less impact
on the limits when they are removed, as shown in Figure [7.7. For more
information on the constraints of the shape and bootstrap systematics using
different systematic scenarios, see Appendix [C|.

Y5This is shown by the Run 2 3b1f validation region [19]

17As well as the Theoretical unc. halved scenario but that is pretty much identical to
the “HL-LHC lumi & Run 2 syst unc.” when it comes to the behavior of the bkg systs
since it only has the theory systs different
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Figure 7.6: The 95% CL upper limits (@) on the HH signal strength and
discovery significance (b)) evaluated for a range of scale factors for theoretical
signal uncertainties, b-tagging uncertainties, and the background bootstrap
and shape uncertainties. The scale factors range from 0 to 1, where 1 cor-
responds to the uncertainty being unchanged with respect to their Run 2
values and 0 neglect the systematic uncertainty. For each point, only the
systematic uncertainty of interest is changed while other uncertainties are
kept unchanged.
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Figure 7.7: A heat-map representing the percentage % loss in the upper
limit of the signal strength p for a given systematic scenario (y-axis) when
an individual systematic (x-axis) is removed. Results from the blinded Run 2
analysis with 126 fb~! are included for comparison in the first row, while the
second row is Run 2 systematics but with HL-LHC luminosity at 3000 fb~*

(“Run 2 sys. unc.”).
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7.6 Impact of the b-tagging efficiency

The impact of the b-tagging efficiency on the 95% CL upper limit on the
signal strength and the discovery significance is shown in figure [7.9. These
results, based on an approach similar to the one employed in Ref. [72], are
obtained by applying a scale factor which accounts for the truth flavour com-
position of signals and backgrounds. The scale factor calculation assumes
constant light-flavour-jet rejection while the b-tagging efficiency is varied.
The truth-flavour composition of the QCD multi-jet background is extracted
from di-jet simulation, and approximately 65% of the simulated events are
found to be composed of events with four true b-initiated jets. The rest of the
QCD multijet background is due to events entering the analysis SR through
mis-identification of true light- and c-initiated jets as reconstructed b-jets.
Using a 85% b-tagging efficiency working point, a discovery significance of
1.10 could be achieved, corresponding to an improvement of approximately
10% with respect to the 77% b-tagging efficiency working point currently
exploited by the Run 2 analysis. When systematic uncertainties are ignored,
this value increase to 2.2¢.
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Figure 7.9: The 95% CL upper limits @) on the HH signal strength and
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point used in Run 2.
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Chapter 8

Conclusion

An updated projection of the HH — bbbb analysis at the HL-LHC is pre-
sented. The projection uses the latest HH — bbbb result, based on 126 fb™!
of data collected with the ATLAS detector during the Run 2 of the LHC.
Under the background-only hypothesis, the 95% CL upper limit on the HH
signal strength is found to be 2.0 times the Standard Model prediction and
the discovery significance 1.00 in a baseline systematic uncertainty scenario,
where relevant systematic uncertainties are scaled down while the rest are
left unchanged with respect to the Run 2 result. Constraints on the coupling
modifiers k) and ko are also presented, where 68% CI are set at [—0.5,6.1]
for k) and [0.7,1.4] for koy in the baseline systematic uncertainty scenario.
The impact of theoretical H H uncertainties is found to be negligible in the
bbbb channel, and the dominant source of systematic uncertainty is the boot-
strap uncertainty of the data-driven background estimation. Compared to
the previous HH — bbbb extrapolations based on the partial Run 2 data-set,
this result is improved thanks to the improved analysis strategy and b-jet
identification obtained at the end of Run 2. As new analysis techniques con-
tinue to rapidly develop, it is possible that these projections will be shown to
be pessimistic when the HL-LHC era arrives. H H is expected to be near the
discovery threshold at the HL-LHC, and the bbbb channel, the most common
final state, along with the two most sensitive channels, bbyy and bbrr, will
be critical in any H H discovery.
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Appendix A

Cross-section upper limit
scan as function of x)

The projected 95% CL upper limits on the HH cross-section as a func-
tion of k) are shown in [A.1| for the baseline uncertainty scenario for the
bbbb channel. The limits are derived assuming no HH production using
the CLs method [62]. No theoretical uncertainties in the HH cross sec-
tion calculation is considered. Indirect constraints on k) can be derived
from the intersection of the projection cross-section upper limit with the
kx-dependent theoretical prediction of the HH production cross-section at
Vs =14TeV [73]. The HH production is expected to be excluded at 95 %
CL for values of k) outside the interval [2.1,4.0] when combining all three
channels. Limits for other uncertainty scenarios, and for each input channel
are shown in [A.1l

Table A.1: Projected k) interval outside which the HH cross-section is
excluded at 95% CL for different uncertainty scenarios for an integrated
luminosity of 3000 fb~! at \/s = 14 TeV. The limits are obtained from cross-
section scans comparing different k) signal hypotheses to the background-
only hypothesis.

Uncertainty scenario 95 % CL limits on k) from cross-section scan
No syst. unc. [0.8,5.6]
Baseline [—0.6,6.8]
Theoretical unc. halved [—1.7,7.9]
Run 2 syst. unc. [—1.8,7.9]
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Appendix A. Cross-section upper limit scan as function of k)
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Figure A.1: Expected 95% CL limits on the HH cross-section for different
k) hypotheses at /s = 14 TeV, 3000 fb~! at the HL-LHC with the baseline
uncertainty scenario, for the bbbb channel The expected cross-section limits
assume a complete absence of H H production. The theory prediction curve
represents the situation where all parameters and couplings are set to their
SM values except for k). The SM hypothesis corresponds to k) = 1.
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Appendix B

Cross-section upper limit
scan as function of ko1

The projected 95% CL upper limits on the HH cross-section as a function
of koy are shown in B.1| for the baseline uncertainty scenario for the bbbb
channel. Following a similar procedure as illustrated in Appendix |Al [B.1
shows the ko intervals outside which the VBF H H cross-section is excluded
at 95%CL for different systematic uncertainty scenarios for the bbbb channel.

Table B.1: Projected interval of koy outside which VBF HH cross-section
is excluded at 95% CL for different uncertainty scenarios for an integrated
luminosity of 3000 fb~! at \/s = 14 TeV. The limits are obtained from cross-
section scans comparing different oy signal hypotheses to the background-
only hypothesis.

Uncertainty scenario 95 % CL limits on k9y from cross-section scan
No syst. unc. [0.6, 1.5]
Baseline 0.5, 1.6

[ |
Theoretical unc. halved [0.4, 1.7]
[ ]

Run 2 syst. unc. 0.4, 1.7
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Appendix B. Cross-section upper limit scan as function of Koy
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Figure B.1: Expected 95 % CL limits on the HH cross-section for different
rov hypotheses at /s = 14 TeV, 3000 fb~! at the HL-LHC with the baseline
uncertainty scenario. The expected cross-section limits assume a complete
absence of HH production. The theory prediction curve represents the
situation where all parameters and couplings are set to their SM values
except for koy. The SM hypothesis corresponds to Koy = 1.
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Appendix C

Further scenario showing
constraints of the bootstrap
and shape systematics

In section |7, the constraints were shown using the “Pessimistic Bkg unc.”
where the background systematics are largest. Here the “Optimistic bkg.
unc.” scenario is used where the background systematics are smallest and
consequently the constraints are reduced since there is less reduction of the
systematics since they’re already reduced. The constraints are shown in
figure |C.1
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Appendix C. Further scenario showing constraints of the bootstrap and shape systematics
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Figure C.1: The constraints of the shape @ and bootstrap [b| systematics
using the “Optimistic bkg. unc.”.
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Appendix D

Simplified illustrations for
HH — 4b

Various drawings to simplify and explain various stages of the HH — 4b
analysis.
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Appendix D. Simplified illustrations for HH — 4b

as

ur SHUdAd
woiy
ssewt HH
JURLIRAUL

J01d (V7

T#47y

[AeD] Hw
2 o8 oot
T

Oyl 02 001 08 09
T T T T

Entries / (3 GeV)?

auerd ssew s331H 1on1Isu0) (€

g# 474

(

(senqiqissod €) sajepipued
s331H ojur s3a( 11e( (T

s39( pad3e1-q ¥ urejuod sjuaaa [eudis (T

ayl) ¢Ay<—HH
109)8p oM Op MOH

Figure D.1: Simplified illustration of how the H H — 4b obtains signal events
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Appendix D. Simplified illustrations for HH — 4b
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Figure D.2: Simplified illustration of how the HH — 4b obtains background

events
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Appendix D. Simplified illustrations for HH — 4b
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Figure D.3: Simplified illustration the HH — 4b background estimate

1) CR Shape Systematic- Difference between CR1 and CR2 predictions on Signal Region (SR)

— [ l
. = Adrer CR Shere Systeratic
'nﬁ' 2 Bky Estge
Myn

My My
2) CR Bootstrap Systematic - Standard deviation (SD) of 100 CR NNs predictions in SR

S D [r— CR Bstrap Spstermatic
st - | e
- Myn

My ’ Myy 7 My

Figure D.4: Simplified illustration the HH — 4b background systematics
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Appendix E

Event display for HH — 4b

Event display generated using VP1[74], for the Run 2 analysis showing a
prospective HH — 4b event shown in figure [E.1

73



Appendix E. Event display for HH — 4b
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Figure E.1: Event display of a candidate HH — 4b event at the ATLAS
detector

74



Appendix F

Dancing Cat analogy for the
Instability of the Higgs
Potential

Figure |[F.1| depicts a simplifying analogy to describe the instability of the
Higgs potential. The analogy imagines the Universe as a dancing cat, where
a fundamental property of this cat (universe) is that it wears a hat with a
pom-pom attached to the top (shown in purple). Unfortunately, the thread-
ing that attaches the pom-pom to the hat has become undone, causing the
pom-pom to be free to move about. This is problematic because if the pom-
pom falls off while the cat is dancing, it would make the cat very sad, but
even worse, it could also lead to the collapse of our universe as we know it.
The hat of the cat represents the Higgs potential, and the different verti-
cal positions of the pom-pom correspond to different masses for fundamental
particles, such as the electron. If the pom-pom falls off while the cat is danc-
ing, the mass of the electron and other fundamental particles would change,
causing our laws of chemistry and physics to be rewritten and resulting in
the collapse of our universe.

The hats in the analogy represent varying levels of stability in the Higgs
potential. The red beanie hat represents an unstable universe, where the
sides of the hat go straight down and cause the pom-pom to fall off easily. In
contrast, the green upside-down magician’s hat represents a stable universe,
where the sides of the hat go straight up and prevent the pom-pom from
falling off. The yellow sombrero hat represents the current shape of the
Higgs potential according to theory and experimental measurements.
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Appendix F. Dancing Cat analogy for the Instability of the Higgs Potential

Beanie hat:
Unstable

Dancing cat
¢ "our universe"

Upside down
magician's hat:
Stable

1) Pom-pom falls off
2) Cat gets sad
3) Universe ends :(

*Lets produce Higgs
boson pairs at HL-LHC
to measure hat shape!

Figure F.1: Dancing cat analogy for the instability of the Higgs potential
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