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Abstract

Ten years after the on-shell Higgs boson discovery, we have found evidence of
the off-shell Higgs for the first time at ATLAS and provided the most precise
Higgs width measurement.

This thesis presents the measurement of off-shell Higgs boson production
using the 139 fb~! of pp collision data with a centre-of-mass energy of 13 TeV,
collected by the ATLAS detector at the Large Hadron Collider. The Higgs
bosons decay via Z boson pairs and two final states are considered: ZZ —
202v and ZZ — 4¢, where ¢ represents a muon or an electron. In ZZ —
40, the neural network method is implemented to improve the Higgs signal
sensitivity. The observed (expected) significance for rejecting the hypothesis
of background-only is 3.3 (2.2)c. The total Higgs width is constrained by
measuring its off-shell cross-section. The observed Higgs width is 4.5“3:?
MeV, and its upper limit is 10.5 (10.9) MeV for the observed (expected)

result at a 95 % confidence level.

Moreover, off-shell Higgs boson events with masses on the order of 1 TeV
are sensitive to phenomena beyond the Standard Model. Additionally, inclu-
sive on-shell measurements cannot distinguish couplings between Higgs-top
quark and Higgs-gluon interactions, but off-shell events can break this de-
generacy. This thesis studies effective field theory (EFT) operators affecting
these couplings and provides the associated Wilson coefficients for Higgs-top
and Higgs-gluon coupling modifiers.

Furthermore, this thesis describes the excellent performance of muon isolation
across a broad range, covering the transverse momenta from 3 GeV to a few
hundred GeV, and the acceptance of the entire muon detector.

The performance of the SemiConductor Tracker (SCT) during the Long
Shutdown-2 and early Run-3, is evaluated and presented in this thesis, par-
ticularly radiation damage.



The party is just beginning.
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the completion of the thesis, Chapters 2 and 3 are necessary to provide the
theoretical background and experimental setup. My own contributions are
detailed in Chapters 4 to 7 and are summarized as follows.

Muon Performance

e Extended the muon isolation working points as a function of transverse
momentum from above 4 GeV to above 3 GeV.

e Investigated and implemented the “ABCD” method for background sub-
traction of muons and reduced the systematic uncertainties. However,
note that the “ABCD” method was developed 20 years ago.

e Explored the properties of the prompt-lepton-veto-based working point,
utilizing the prompt-lepton veto as a multivariate observable.

e Analyzed the impact of pileup energy density on muons. This was fol-
lowed by a similar study on electrons, where the pileup energy density
dependence on pseudo-rapidity can have a larger impact on electrons.

Offshell H* — ZZ Analysis

e Investigated the performance of the forward jet-vertex tagger (fJVT),
achieving a 36% reduction in VBF pileup jets while retaining 98.4%
VBEF signal jets.

e Introduced, studied, and implemented the one-jet category.

e Combined the 4/ and 2/2v channels, generated all workspaces, and pro-
duced almost all results.

e Completed nearly all EFT work, including MC sample generation, anal-
ysis, all result fitting, and public note composition.



The radiation damage studies on the SCT optical links are based on earlier
work, extending from Run-2 to Long Shutdown-2 and early Run-3.
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Chapter 1

Introduction

Particle physics, one of the major branches of physics, began in the late
19th century with the revolutionary discoveries of the subatomic particles
electrons and protons by physicists J.J. Thomson and Ernest Rutherford,
respectively. In the early 20th century, the development of quantum mechan-
ics, led by Max Planck, Albert Einstein, and others, further revolutionized
our understanding of particles and the interactions between them. In 1934,
the invention of the cyclotron by Ernest Lawrence opened new doors and
paved the way for subsequent advancements. In the 1960s, the development
of the Standard Model (SM) began, culminating in the description of nature
achieved through extensive experimentation. Notable milestones include the
discovery of quarks, the Z and W bosons, and finally the Higgs boson (in
2012).

Over the past decade, the parameters of the SM have been measured at the
Large Hadron Collider with higher and higher precision, yet no deviations
have been observed, despite the higher energy attained by the LHC. Nev-
ertheless, considering the mysteries we have observed, such as the lightness
of the Higgs boson, the origin of flavour and the three generations, CP vi-
olation, gravity, dark matter, dark energy, and inflation, the existence of
interactions between Beyond Standard Model (BSM) particles and SM par-
ticles is believed to be possible, and evidence for it detectable at the LHC.
One potential avenue is through the Higgs particle, which imparts mass to
other particles, and its study may provide insights into the nature of dark
matter, which also possesses mass.



Chapter 1. Introduction

In addition to these motivations, there are four specific motivations guiding
the analysis of Higgs boson measurements in this thesis.

Motivation 1: One important property of the Higgs boson is its off-shell
region characterized by a long tail, which contributes approximately 10%
to its total cross-section. This thesis presents, as schematically shown in
Figure 1.1, the first evidence for the off-shell Higgs boson at ATLAS.
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Figure 1.1: The Higgs boson cross-section distribution as a function of its mass. In 2022, ten years
after the on-shell Higgs boson discovery, we found evidence of the off-shell Higgs at a confidence
level of 3.2 standard deviations. Figure modified from [2].

Motivation 2: Another motivation is to measure the Higgs boson decay
width. Any deviation from the prediction of the SM implies new physics and
interactions with (or decays to) other BSM particles. Unfortunately, the SM
prediction for the Higgs decay width is 4.1 MeV, thousands of times smaller
than the ATLAS detector mass resolution. The current measurement with
the ATLAS detector determined from the Higgs mass distribution, which
has a resolution of a few GeV, is shown in Figure 1.2. The discrepancy
makes it impossible to measure the Higgs width precisely from the Higgs mass
distribution. To overcome this limitation, this thesis performs an indirect
measurement by combining the off- and on-shell Higgs cross-section, leading
to the most precise Higgs width measurement: 4.5“:%;’ MeV.

Motivation 3: Furthermore, the energy range of the off-shell Higgs boson
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Figure 1.2: Higgs total decay width. Figure 1.2a shows that the Higgs width measured directly
from the Higgs mass measurement via the H — ZZ — 4¢ decay mode [3] is a few GeV, limited by
the detector resolution, in comparison to the SM Higgs decay width under ideal detector resolution
depicted in Figure 1.2b. Therefore, precise measurement of the Higgs width directly from the cross-
section distribution of Higgs mass is infeasible.

extends from 220 GeV to 2 TeV, where new physics phenomena may be
manifest.

Motivation 4: Additionally, the off-shell Higgs boson region is sensitive to
the Higgs self-coupling [4]. However, this aspect is not covered in this thesis
as it represents a future study by ATLAS including by the author of this
thesis.

Precision Higgs measurements involving muons in the final state rely on suc-
cessfully isolating muons from other background particles, such as pions and
kaons. This aspect is also addressed in the thesis.

The structure of the thesis and the author’s contributions are outlined be-
low:

Chapter 1 provides the history of the SM and highlights the latest measure-
ments and developments relevant to the thesis.

Chapter 2 presents the SM, physics beyond the SM and Higgs physics at
the LHC.
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Chapter 3 briefly describes the LHC along with one of its detectors, the
ATLAS detector.

Chapter 4 outlines the workflow of physics object reconstruction and iden-
tification. The author played a crucial role in muon combined perfor-
mance by providing muon isolation efficiency scale factors down to low
transverse momentum (3 GeV) including carefully accounting for asso-
ciated systematic uncertainties. The author also conducted studies on
the impact of pileup on calorimeter-based isolation variables, to develop
potential corrections for Run-3. The refinement of muon isolation work-
ing points benefits numerous other ATLAS analyses. Our paper [5] has
received more than 390 citations in the past two years.

Chapter 5 presents the measurement of the off-shell Higgs production and
the Higgs width. The author is a key member of this study, addressing
many long-standing issues such as the parton shower uncertainty un-
matched problem, the one-sidedness problem of the vector-boson-fusion
Asimov systematic ranking, the reason for the narrow data negative-log-
likelihood curve, the acceleration of ranking plotting, Neyman construc-
tions (it took several weeks before, and now it only takes one day). The
author was selected by the analysis group as the speaker to present the
results to the entire ATLAS collaboration and delivered a presentation
at a major conference La Thuile 2023, where the author was awarded
a student fellowship. The author prepared all the fit results in the pa-
per [6].

Chapter 6 interprets the off-shell Higgs boson measurement in an effective
field theory framework aiming to establish limits on the Higgs-gluon cou-
pling and Higgs-top coupling modifiers. The author is the primary mem-
ber of the analysis team and contributed more than 90% of the effort
including model selection, generation and validation of truth samples,
official Monte Carlo sample request, mini-tree production for physics
analysis, analysis, background and systematics studies, fitting and com-
bination of 4¢ and 2/2v channels, and the preparation of an analysis
note [7], which was presented at the LHCP 2023 conference.

Chapter 7 presents the SemiConductor Tracker performance measurements
the author conducted during the LHC Long Shutdown-2 and early Run-3.
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Chapter 8 concludes the thesis with a summary and future perspectives,
including a timeline for the potential observation of the off-shell Higgs
in the future.



Chapter 2

Theoretical introduction

2.1 Introduction

Understanding the universe has always been a fundamental goal of humankind.
Research in high-energy physics, particularly at colliders, serves as one avenue
towards achieving this goal. High-energy physicists working internationally
at CERN aim to create the conditions last seen a pico-second after the Big
Bang and to test the SM and uncover potential hints of BSM physics.

The most successful and fundamental theory in this field is the Standard
Model, which interprets the elementary particles along with their interactions
within experimentally accessible energy scales at present colliders. Developed
through a combination of experimental measurements and theoretical insights
spanning over a century, the SM stands as a remarkable theory. However, in
the universe, there are unexplained phenomena such as CP violation, gravity,
dark matter, dark energy, cosmic inflation and more. Consequently, searches
for physics beyond the SM, (BSM) searches, are performed at colliders and
in other types of particle physics experiments.

In this chapter, Section 2.2 provides an overview of the elementary particles,
the electroweak interaction, the strong interaction and the Higgs mechanism
in the SM, followed by Higgs physics in the SM in Section 2.4. The effective
field theory, described in Section 2.5, is one of the BSM frameworks commonly
used by the LHC community to characterise BSM contributions.
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2.2 The Standard Model

The SM includes all elementary particles currently known, as well as the three
fundamental forces among these particles: the weak, electromagnetic (EM),
and strong forces [8, 9]. The first two forces are unified into the electroweak
force, which was confirmed with the Z and W boson discovery at the CERN
Super Proton Synchrotron in 1983 [10, 11, 12].

Additionally, the SM introduces the electroweak and strong interaction uni-
fication under the local gauge symmetries. The unification is represented by
Gsy = SU(3)c x SU(2) x U(1l)y. Here U(N) denotes a unitary group of
N x N matrices and SU(N) stands for the special unitary group, a sub-
set of U(N), with unitary determinant. The group SU(3)¢c describes strong
interactions. C' represents the colour charge, while the SU(2) x U(1)y de-
scribes electroweak interactions, where L means weak isospin only couples to
the left-handed particles. The weak hyper-charge (Y) is calculated from the
electric charges and the weak isospin’s third component.

The SU(2); x U(l)y gauge invariance implies the weak bosons and the
fermions have zero mass since massive fields break the renormalizability of a
theory. This is contradictory to the measurements of the Z and W masses,
as well as the non-zero masses of fermions. The Higgs mechanism [13, 14]
resolves the issue by introducing a spontaneous symmetry-breaking process
in the EW group. This is used to generate fermion and weak gauge boson
masses by interaction with the non-zero Higgs field value at the minimum of
the Higgs potential.

2.2.1 Elementary Particles

The elementary particles can be classified based on their intrinsic spin, as
depicted in Figure 2.1. Half-integer spin particles obey Fermi-Dirac statistics
and therefore are called fermions, while those with integer spin are bosons
obeying Bose-Einstein statistics.

Fermions consist of quarks and leptons. Quarks have been found with six
flavours so far: up, down, charm, strange, top, and bottom. All quarks
have charges, while leptons can be categorized into leptons with non-zero
charges: electron, muon and tau, and neutrinos with zero charges: electron-,
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Figure 2.1: The elementary SM particles and the beyond SM (graviton). The fermions, (quarks
and leptons) are arranged in three generations. The force carrier vector bosons and the Higgs boson
are positioned in the figure to indicate with which fermions they interact. Charge, mass, and spin
are labelled. Figure reproduced from [15].

muon-, and tau-neutrino. Fermion masses are increasing from left to right,
as depicted in Figure 2.1. However, the neutrino masses are not yet precisely
determined.

Bosons in the SM include spin-1 particles: photon, Z boson, W boson, and
gluon, and the spin-0 Higgs boson. Vector bosons (spin-1) serve as force
carriers: gluons mediate strong interactions, Z and W bosons mediate weak
interactions and photons mediate electromagnetic interactions. Z and W
bosons are massive but photons and gluons are massless. The W bosons come
in two types, W+ and W™, carrying positive and negative electric charges,
respectively. Gluons, on the other hand, exist in eight different types, each
possessing a unique colour charge combination. The Higgs boson (zero spin)
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is the only scalar elementary particle that has been discovered [16]. Figure 2.2
illustrates the interactions among these particles.

Leptons

Figure 2.2: Interactions between elementary particles in the SM.

Antiparticles. Figure 2.1 only lists quarks and leptons, but the SM also
includes their respective antiparticles. Antiparticles were predicted by the
Dirac equation in 1928:

(170 —m) = 0, (2.1)

where ~* represents Dirac matrices. 1 denotes the spinor field and it is a
function of position .

The solutions of the Dirac equation include not only positive energy solutions
but also negative energy solutions. The negative energy solutions can be
interpreted as antiparticles with positive energy propagating forward in time
with opposite charges to the corresponding particles. Antiparticles have the
same mass and lifetime as their corresponding particles. The first antiparticle
discovered was the positron, the antiparticle of the electron, in 1932 by Carl
D. Anderson [17].

In addition to elementary particles, there are composite particles formed by
combinations of elementary particles. Neutrons and protons, for example, are
particles made of gluons and quarks. Such composite particles are known as
hadrons. In the context of the Large Hadron Collider, “hadron” specifically

9
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refers to protons. Protons consist of one d quark, two u quarks and short-
lived quark anti-quark pairs of sea quarks. (The sea quarks are perturbatively
generated from gluon splitting.) Quarks and gluons are also known as par-
tons. Each parton in a hadron carries a part of the total momentum. The
fraction is characterized by the Bjorken x variable. Proton-proton collisions
occur through parton-parton interactions, which are parameterized by the
parton distribution functions (PDFs), for which an extensive literature [18]
and models [19, 20] exist.

2.2.2 Electroweak Interactions

In the 1960s, the electroweak interaction was unified from electromagnetism,
specifically quantum electrodynamics (QED), and the weak interaction.

Quantum Electrodynamics (QED): QED describes interactions among
charged fermions, such as electrons, mediated by photons. To obtain the
QED Lagrangian, starting from the Lagrangian related to the Dirac equa-
tion 2.1:

EDirac — ¢(l"yua,u — m)% (22)
to ensure gauge invariance:
¥(@) = V(@) = e™y(a), (2.3)

Here ¢ is the charge and () is the local gauge choice, the derivative d, in the
Dirac Lagrangian 2.2 should be modified to a derivative D, and becomes:

0, — D, = 0, +iqA,, (2.4)

Here A, represents the photon gauge field transforming following [16]:

A, = A, = A, — 9x(2). (2.5)
By replacing 0, with D), and introducing the kinetic term for the A, field:
1 1%
—21 F,F" (2.6)

in the Dirac Lagrangian 2.2, (here, the electromagnetic field tensor F, is
d,A, — 0,A,), one can obtain the QED Lagrangian:

_ _ 1 )
Lqep = ¥(i7"0y — m)Y + qpy"p A, — ZFHVFM ~ (2.7)

10
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The Weak Interaction: The L (left) in SU(2); implies that only left-
handed particles can couple with weak interactions. Neutrinos and left-
handed charged leptons form a weak isospin doublet, and their total weak

isospin is Iy = %

Similar to QED, to ensure the weak interaction is invariant in SU(2); for
left-handed weak isospin doublets, such as

Ve(x) / igwa(z)- T

pr— pu— 2.

o) = (L) = o = emets T, 2.

where gy is the weak coupling constant, a(x) are functions describing the

local phase of each point in spacetime, T represent the SU(2) generators and
1

can be expressed as T = 50, with o being the Pauli matrices, the derivative

should be modified to a covariant derivative:

0y — D, =0,+igwT - W,(z), (2.9)

where W ,(z) are three weak gauge fields [16]. The combination of the first
two weak gauge fields gives rise to the physical W bosons that mediate the
weak charged currents:

W= E(W’Sl) Fiw?). (2.10)
The SU(2);, gauge symmetry indicates a weak neutral-current state that can
couple only to left-handed particles. This is different from the weak Z boson
which can couple to both left- and right-handed particles.

The weak interaction and QED unification, known as the GSW model, was
developed by Glashow [21], Salam [22], and Weinberg [23] in the 1960s to
make the theory compatible with this difference mentioned above. The weak
hypercharge Y = 2(Q) — Iy) is constructed based on the U(1)y intrinsic
symmetry and a newly introduced gauge field B, that can couple with Y.
This gauge field, together with the weak neutral-current state ngg) gives rise
to two physical particles, related by the weak mixing angle (fy):

A, = B, cos Oy + W/EB) sin Oy

. o (2.11)
Zy, = —By,sinby + W cos Oy

11
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Here A, and Z, represent the photon and Z boson, respectively. There
exists a connection between the couplings of the electromagnetic and weak
interactions:

e = gwsinfy and gy = gzcos Oy (2.12)

However, in this unified model, the mass terms —ma1 are not gauge-invariant
and consequently, all particles are massless. This contradicts experimental
results, where fermions and the W and Z bosons have mass. Therefore, a
mechanism is required to introduce gauge-invariant mass.

Before introducing the Higgs mechanism, a brief overview of Quantum Chro-
modynamics (QCD) is provided since one of the largest uncertainties in the
off-shell Higgs analysis arises from QCD next-to-leading-order (NLO) correc-
tions.

2.2.3 Strong Interactions

Quantum Chromodynamics (QCD) offers a way to interpret the strong in-
teraction. It incorporates the SM by extending SU(2)xU(1) to SU(3) and
includes eight massless gluons, which are related to the eight generators of
SU(3). These generators are represented by 3x3 Gell-Mann matrices. These
eight matrices can also be written as combinations of three base vectors which
are called three colours for simplicity. From Figure 2.2, it can be seen that
only quarks carry colour charge and therefore only they can interact with
gluons.

Quarks, except for the top quark, are always found in combinations that result
in “colourless” particles. This phenomenon is known as colour confinement,
explicitly that quarks cannot exist as free particles. This property of QCD can
be explained by asymptotic freedom proposed by David Gross and others [24]
in the early 1970s and relates to the strength of the running coupling constant,
ag, in different energy regions. At the low energy scale of about a few GeV,
corresponding to large distances, ag is large. In consequence, in QCD this
energy scale is intrinsically non-perturbative. At higher energies, typically
at 100 GeV or higher as found in collider physics, the coupling ag becomes
smaller, and perturbative methods (an expansion in ag) can be used to make

12
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quantitative predictions. Therefore, NLO and NNLO, or even higher order
QCD corrections, can be calculated by expanding in ag.

The self-energy corrections of quarks, a specific class of corrections, could lead
to an infinity known as an ultraviolet divergence. However, this divergence
can be eliminated by introducing field redefinitions or counterterms to cancel
out the divergent term. However, even under these conditions, the perturba-
tive expansion still converges only slowly. Hence, a procedure to evaluate the
boundary of QCD higher-order corrections or the systematic uncertainty is
needed. This is commonly done by varying the factorization and renormal-
1zation energy scales. More details can be found in Section 5.6.1.

2.2.4 The Higgs Mechanism

A new theory is required to explain the observed non-zero mass of particles.
In 1964, Higgs and others proposed that particles gain mass through their in-
teractions with the Higgs field. For electroweak gauge bosons, a weak isospin
doublet is constructed to describe the minimal new field:

_ (o7 L 1+
¢ <¢0) V2 (cbg - z'(/54> (2:13)
where ¢° (¢) is a neutral (charged) field.

The corresponding Lagrangian can have the form:

L= (9,0)1(0"9) — 1’ (¢'9) — AM(¢'9)’ (2.14)

If u? < 0, the potential V(z) = p2(¢'¢) + A(¢'¢)? has an infinite number
of circle-shaped degenerate minima satisfying ¢'¢ = —pu?/2), as depicted in
Figure 2.3.

The symmetry is spontaneously broken by choosing a particular minimum
from the allowed set, and the fields can be expanded around the chosen
minimum. In the unitary gauge, the Higgs doublet is written as

13
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Figure 2.3: Higgs potential V(¢) = p2¢'¢o + Ao ¢)2.

Here v denotes the vacuum expectation value, and h(x) is a massive Higgs
field.

Again, to make the Lagrangian (Equation 2.14) invariant under SU(2);xU(1)y,
the derivative needs to change to a covariant derivative:

Y
0, —D,=0,+igwT-W,+ ig'EBu (2.16)

Gauge Boson Mass. The gauge boson masses are then obtained through
the kinetic term, (D,¢)"(D"¢), of the revised Lagrangian. Due to the electri-
cally neutral property of the Higgs field, ]I(;) =1/2 or Y = 1. In the unitary
gauge:

D,¢

_ L g = iW) (v + h(x)) (2.17)
2v2 \ (20, — igw(Wi* + ig' B,) (v + h(x)) |

Hence,

(D) (D"6) = 5(0,m)(0"h)

1

+ ggw%wﬁ +iWEY (WO — W@y (v + h(z))?  (2.18)
1

t g(gWWf) — g'B)(gw WP — ¢'B") (v + h(x))

14
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The W boson mass term has the form %m%ﬁ,Wél)W(l)“. Therefore, from the

corresponding term %g%,vQWﬁ(Ll’mW(m)“ in the above equation, the W boson
mass can be seen by inspection to be:

1

mw = Sgw. (2.19)

)

The quadratic term for the neutral-current B, and W,S?’ fields can be written

as:
L, (3) ) g —gwd W)
- 2.20
8" (W“ B\ —gwg o7 B, (220
Using Equation 2.11, it can be modified to:
1, 0 0 A,
3 (A, Z,) (0 g%v+g’2) (Zu) : (2.21)

Therefore, the photon mass can be seen by inspection to be:

ma =0, (2.22)

and the Z boson mass is:

1 7
myg = EU gIQ/V + 9/2. (223)

Fermion Mass. Remarkably, the Higgs mechanism can generate fermion
masses as well. Note that the naive fermion mass term —ma is varying
under an SU(2);xU(1)y transformation. Instead, the term

L;=—g;(LoR+ RH'L) (2.24)

respects the gauge symmetry. Here g; is the Yukawa coupling. L represents
a left-handed SU(2) doublet fermion, while R denates a right-handed SU(2)
singlet fermion. For example, for muons Equation 2.24 can be expanded
as:

15
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+

o [(VM mL(ﬁo)uRwR (6 &%) (M)] (2.25)

In the unitary gauge with Equation 2.15, Equation 5.21 can be reduced
to:

Iu - _ Iu 1 T
L, = —\/—%U(ML,MR + [ARiL) — 7%71(/%#}3 + [iRpL) (2.26)

The Yukawa coupling can be chosen as the observed muon mass:

gp = V2 (2.27)
v
In this case, Equation 2.26 becomes:
_ my, _
Ly = —myfip — TMMMh (2.28)

The first and second terms give the muon mass and the Higgs and muon
coupling, respectively.

Similarly, the masses of other charged leptons and quarks can be obtained in
this way (down-type quarks are slightly different [16]) by writing the Yukawa
coupling with the fermion mass as:

g = \/5% (2.29)

Together with Equation 2.19, it can be observed that Higgs boson and fermion
or gauge boson interactions are directly proportional to the latter masses.
This relationship can be tested experimentally at the LHC, as shown in the
latest ATLAS results in Figure 2.4.

Any deviation from the above prediction could indicate new physics and
evidence that our current understanding of how bosons and fermions acquire
mass is flawed.

16
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Figure 2.4: Coupling modifiers between the Higgs boson and some other particles.
These modifiers are denoted by krpmp/vev (where vev stands for vacuum expectation value) for
fermions (where F includes u, 7, b and t ) and v/kymy /vev for vector bosons (where V includes Z
and W) as a function of their masses. The vertical bar represents the 68% confidence interval. The
lower panel displays the values of the coupling strength modifiers. Figure reproduced from [25].
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2.3 Physics Beyond the Standard Model

The Standard Model has successtully explained a wide range of phenomena in
particle physics, as mentioned in the last section. However, it cannot address
the following fundamental problems:

Why is the Higgs boson so light? The Grand Unified energy scale is
10'® GeV and the Planck scale is 10'® GeV. Therefore, the natural value
for the Higgs boson mass should be around 10 — 10'® GeV. However,
the Higgs boson mass from both ATLAS and CMS is only 125 GeV,
orders of magnitudes smaller than the Grand Unification energy scale
(101° GeV) or the Planck scale (10'™ GeV). Why is the Higgs boson so
light? Researchers provide various explanations. Raffaele Tito D’Agnolo
and Daniele Teresi [26] in Physical Review Letters proposed that a multi-
tude of universes existed at the beginning of the universe. Each universe
has a different Higgs boson mass. As the multiverse evolved, only our
universe with a light Higgs boson survives while others collapse. Vector-
like top quarks [27], published in Physical Review Letters, involve quan-
tum corrections that could be sixteen orders of magnitude larger than
the measured Higgs boson mass. Yet, no sign of the vector-like top quark
has been found below 1190 GeV. Supersymmetry [28] has been proposed
in 1974 to cancel out quantum corrections by introducing superparti-
cles and then stabilize the Higgs boson mass. But no direct evidence of
supersymmetry has been found so far.

What is the origin of flavour? Why are there only three genera-
tions? Since the discovery of the third generation of quarks and leptons
in the last century, physicists asked why there are only three gener-
ations. Again, considering the unnatural lightness of the Higgs boson,
there might be another generation of quarks that are heavier than the top
quark. Particle physicists have conducted vector-like quark research [29].
But no evidence has been found yet.

What is the origin of the CP violation? CP violation refers to the
asymmetry in the laws of physics under the combination of charge con-
jugation (C) and parity (P) transformation. In the 1960s, James Cronin
and Val Fitch revealed that the long-lived neutral kaons (KY) decay

into a 77~ state, providing direct evidence for CP violation [30]. The
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CP violation was incorporated into the Standard Model by Kobayashi
and Maskawa, who generalized the Cabibbo matrix into the Cabibbo-
Kobayashi-Maskawa matrix in 1973 by introducing the third generation
of quarks. Andrei Sakharov also pointed out that CP violation is one of
the necessary conditions for the universe to evolve from an initial state of
equal amounts of matter and antimatter to its current matter-dominated
state [31]. In 2001, both Belle [32] and BaBar [33] observed CP violation
in B meson decay. Recently, LHCb found evidence of CP violation in
beauty baryon decays [34]. However, the amount of CP violation ob-
served is insufficient to explain the observed abundance of matter over
antimatter in the Universe, indicating new physics beyond the Standard
Model may be involved.

The above CP violation is from the weak interaction. However, CP vio-
lation has not yet been observed in Quantum Chromodynamics (QCD).
This is called the strong CP problem. In 1977, Peccei and Quinn
proposed a new particle, called the axion, to cancel out the CP violation
term in the QCD [35]. The axion is also a candidate for dark matter and
searching for that is a highly active area of research.

What are dark matter and dark energy? Dark matter and dark energy
make up about 95% of the total content of the universe. However, both
of them are invisible and not included in the Standard Model. Dark
matter was first proposed and coined by Fritz Zwicky in 1933 [36]. He
found that the visible mass of the galaxies in a galaxy cluster was far
too small to account for the gravitational effects binding the cluster to-
gether. In the 1970s, Vera Rubin and Kent Ford observed that the stars
in these galaxies were rotating around the galaxy’s centre at speeds that
could not be explained by the gravitational pull of the visible matter
alone, as shown in Figure 2.5a. These observations can be explained by
modifying theories, such as Modified Newtonian Dynamics (MOND) [37]
etc. However, these theories can not explain the Bullet Cluster, as shown
in Figure 2.5b, which provides compelling evidence for the existence of
dark matter. Also, the web-like structure of the universe, with its galax-
ies and clusters, can be explained if dark matter exists. Dark energy
is fundamentally different from dark matter. Dark matter clusters in
and around galaxies, providing the gravitational glue that holds galaxies
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and galaxy clusters together, while dark energy is uniformly distributed
throughout the universe and has a repulsive gravitational effect, which
leads to the acceleration of the universe’s expansion [38].
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Figure 2.5: Figure 2.5a shows the velocity as a function of distance from the centre of the
galaxy. The observed velocity (solid white curve) is higher than what is expected from the visible
disk (dashed grey curve), indicating that either invisible matter in the galaxy is providing extra
gravitational force, or our current theories are incorrect. Figure 2.5b depicts the bullet cluster,
which refers to the smaller cluster, moving from left to right across the larger cluster. The matter
shown in pink is from the X-ray image, while the matter in blue is calculated from gravitational
lensing. The visible matter in each cluster interacts with the visible matter in the other cluster,
but the interaction between dark matter and visible matter is much weaker. As a result, the visible
matter experiences a lag in the smaller cluster due to this interaction and moves more slowly than
the dark matter. Figure reproduced from [39] and [40].

What is evidence for cosmic inflation? Comic inflation refers to the
exponential expansion of the Universe just after the Big Bang, as shown
in Figure 2.6. This theory is proposed [41] to solve several problems,
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such as the horizon problem [42], flatness problem [43] and potentially
explaining the monopole problem [44]. In 2016, the Planck Collaboration
provided evidence of the cosmic inflation [45], showing the universe is
remarkably flat that the tilted scalar spectral index ng = 0.968 + 0.006
which is close to 1 (ns = 1 indicates a scale-invariant spectrum, where
fluctuations have the same amplitude on all scales.). However, there are
still many aspects of cosmic inflation that remain unknown, such as the
exact mechanism that triggered the inflation, the precise duration and
the end of inflation, the energy scale of inflation, etc.

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

e M il S
. e e v D oy
o T e |

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Figure 2.6: The inflation starts as early as 1073 seconds after the Big Bang and ends by around
10733 or 10732 seconds. This ultra-rapid expansion stretched the fabric of the universe faster than
the speed of light and the universe’s volume increased by a factor of at least 107®. This stretching
magnifies a tiny, microscopically flat region of space to cosmic scales, and effectively smooths any
large-scale curvature the universe might have had during inflation.

Gravity is not included in the SM yet. Although the Standard Model
successfully explains electromagnetism, the weak force, and the strong
force, it fails to incorporate gravity, one of the four fundamental forces.
Attempts to formulate quantum gravity that fits within the Quantum
Field Theory framework encounter significant theoretical difficulties, lead-
ing to non-renormalizable infinities that cannot be mathematically can-
celled out in the way they can for other forces [46]. Another reason is
that gravity is much weaker than the other forces and is negligible be-
tween particles in the SM, which makes it difficult to test theories of
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quantum gravity and to understand how gravity might fit with the par-
ticle interactions described by the Standard Model. Nonetheless, there
are more and more experiments testing gravitational effects at the atom
or particle level [47, 48, 49].

Considering the unsolved problems listed above, the author chose the Higgs
boson to study its properties and use it as a probe to search for physics
beyond the Standard Model in the effective field theory framework as the
PhD project. More details can be found in the next two sections. The author
will also choose to work on dark matter and dark energy in the future.

2.4 Higgs Physics at the LHC

This section introduces the Higgs boson production and decay modes. The
Higgs total decay width is also covered, which is essential for the off-shell
Higgs analysis.

Higgs Production

The Higgs boson couples to mass (as shown in Equation 2.29). Therefore,
at the LHC, the gluon-gluon fusion (ggF) production mode yields the largest
cross-section by involving a virtual top quark loop. The leading-order di-
agrams, depicted in Figure 2.7, include the main Higgs production modes.
Although ggF has the largest cross-section (overall 87% of the total Higgs
boson production at LHC with 13 TeV [50]) (also see Figure 2.8), it is not
easy to study the Higgs boson in experiments using this process due to large
contamination by QCD radiation.

At the LHC, the second-largest production mode is vector boson fusion (VBF)
(overall 7.6% of the total Higgs boson production cross-section). This involves
two quarks, each mediated by a vector boson (Z or W boson), resulting in
Higgs boson production. The VBF production mode exhibits a cleaner signa-
ture than ggF as the final state includes two energetic forward jets and this
process has the largest cross-section in the high-energy region (Figure 2.8).
Therefore, this mode is particularly important for the off-shell Higgs anal-
ysis and contributes more than 70% of the sensitivity, along with the VH
production mode.
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The VH production mode (also known as the Higgs-strahlung production
mode), where the Higgs boson is produced in association with a vector boson,
accounts for approximately 4.3% of the total Higgs boson production cross-
section. This mode is particularly important for some analyses, such as the
H — bb analysis, since the presence of leptons in the final state decaying
from W or Z provides a clear signature to trigger the signal event.

Another Higgs production mode is ttH, which is associated with the produc-
tion of a top-quark pair. The channel allows for extracting the Higgs-top
quark coupling directly.

(a) ggF (b) VBF
q W/zZ

(d) tTH

Figure 2.7: Leading diagrams at LHC for major Higgs boson production modes : (a) ggF: gluon-
gluon fusion production, (b) VBF: vector boson fusion production, (¢) VH: production along with
a vector boson, and (d) t#H: production with a top quark-antiquark pair.
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Figure 2.8: The cross-section distributions of different Higgs production modes as a function of
the Higgs boson mass at the LHC. The centre-of-mass energy /s is 13 TeV. The dominant process
for My < 1500 GeV is pp — H, also known as the gluon-gluon fusion (ggF) process. The peak
around 350 GeV (2my) in this process is attributed to the top quark loop resonance. However, as
My exceeds 1500 GeV, the branching ratio of the vector boson fusion (VBF) process (pp — qqH)
surpasses that of the ggF, rendering the VBF the most significant process at My > 1500 GeV.
Figure reproduced from [51].
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Higgs Decay

The unstable Higgs boson can decay into particles with non-zero mass. For
zero-mass particles, such as photons and gluons, the Higgs boson can decay
into them via a quark loop or a W boson loop for photons and a quark loop
for gluons (Figure 2.9). The different Higgs decay mode branching ratios are
shown in Figure 2.10 as a function of the Higgs mass.

t/b 7
—————— t/b
H
t/b
/ Y
(a) H — ~yy via a quark loop. (b) H — ~vy via a W loop.
t/b g
—————— t/b
H t/b g

(¢) H — gg via a quark loop.

Figure 2.9: Representative diagrams of the Higgs boson decaying into zero-mass particles, such
as photons in 2.9a or 2.9b and gluons in 2.9c.

In the off-shell Higgs analysis with my > 220 GeV, although H* — WW has
the largest cross-section, the undetectable neutrinos from the W boson decay
make this channel difficult to reconstruct compared to the second-largest
channel H* — ZZ. Therefore, the off-shell Higgs analysis in this thesis is
based on the H* — ZZ channel.
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Figure 2.10: The branching ratios and their corresponding uncertainties for various Higgs de-
cay modes as a function of the Higgs boson mass at the LHC. In the off-shell region, particularly
for my > 200 GeV which the thesis primarily investigates, the dominant branching ratio occurs
through H — WW. However, this channel is significantly affected by background contamination.
Consequently, the thesis opts to consider the H — ZZ channel, which exhibits the highest sensi-
tivity. Figure reproduced from [51].

Higgs Boson Total Width

The total Higgs boson decay width, I'g, is the sum of the partial decay widths
I['; of all possible decay modes in the SM:

Tp=>Y T (2.30)

The Higgs boson total width is a function of the Higgs boson mass as depicted
in Figure 2.11. The SM prediction for the Higgs decay width is 4.07 MeV [51],
if the mass of the Higgs boson is 125 GeV. Any deviation from the SM Higgs
total decay width prediction would indicate the presence of new physics.
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Figure 2.11: The total Higgs decay width as a function of the Higgs boson mass. Figure repro-
duced from [51].

2.5 Effective Field Theory

Exploring physics beyond the SM is a fundamental objective for particle
physicists. Considering the current observational evidence, such as dark mat-
ter, dark energy, cosmic inflation, the baryon asymmetry of the universe and
gravity, it is evident the SM is not a complete description of the content of
the universe. One approach to investigating the new physics is by extend-
ing the SM framework. A well-known example is the running of coupling
constants with respect to the energy scale. Given this, it is reasonable to
consider the SM as an approximation of an ultraviolet (UV) complete theory
at the low energies accessible to current machines, such as LHC. The Effec-
tive Field Theory (EFT) provides a framework for such approximations, with
the SM being a subset of the EFT. Figure 2.12 illustrates schematically the
relationships between the SM, EFT, and the UV complete theory.

One notable advantage of the EFT interpretation is its model independence
since it does not rely on specific theoretical assumptions. Once new physics
is observed within the effective field theory regime, it can be matched to
UV-complete models, including two-Higgs-doublet models [52], a minimal
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Figure 2.12: The relation between the SM, EFT and ultraviolet regions, compared to the energy
regions that the LHC can reach or not. A is the new physics energy scale.

super-symmetric SM (MSSM) [53] or others.

The commonly used EFT framework at ATLAS is the Standard Model Effec-
tive Field Theory (SMEFT), in which the dimension-4 SM Lagrangian can
be extended by a set of operators suppressed by the new physics energy scale,
denoted as A:

& " 4’ & ®
Lsverr = Lsv+ Y O, +) =0, +) =0, +) SO

(2.31)

Here ¢; represents Wilson coeflicients, 0P

;. are operators with dimension D,
and A is typically chosen as 1 TeV for LHC analyses. Operators of dimension-
5 and -7 violate lepton number conservation [54] and baryon number minus
lepton number (B — L) conservation [55], respectively, both of which are
expected to be conserved due to the SM symmetry. Therefore, these operators
are not considered and the leading effects from BSM, in consequence, arise
from dimension-6 operators. Dimension-8 operators, for most of the LHC

analyses, are disregarded due to the unavailability of theoretical models.

There are compelling motivations for applying the EFT interpretation in the
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off-shell Higgs analysis. Off-shell Higgs boson production with a high invari-
ant mass at the TeV level is potentially sensitive to new physics. Moreover,
the degeneracy of the Higgs-top quark and effective Higgs-gluon couplings
is broken in the off-shell region, allowing for separate measurements of the
coupling modifiers. Further details can be found in Chapter 6.
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Chapter 3

The Large Hadron Collider and the
ATLAS Detector

This chapter provides descriptions of the Large Hadron Collider and one of
the detectors, the ATLAS detector. The data utilized was collected from 2015
to 2018 (the full Run-2 period). The author’s primary focus in this thesis is
the off-shell Higgs boson measurement and the muon isolation performance.
Emphasis is placed on the description of detector components used for these

studies.
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3.1 Introduction

The Large Hadron Collider (LHC) [56] is located on the Franco-Swiss border.
It serves as a powerful tool for studying and investigating the structure of
matter and particle interactions at short distances, reaching dimensions on
the order of 107!® meters and recreating energy conditions akin to those a
picosecond after the Big Bang. The LHC has a 27-kilometre ring, including
superconducting magnets and various structures that enhance the particle
energy. Within the LHC tunnel, four particle detectors are installed: ATLAS,
LHCb, ALICE and CMS.

The ATLAS (A Toroidal LHC ApparatuS) detector is the largest detector
ever built. As of 2023, the ATLAS collaboration consists of more than 6000
members, 3000 scientific authors, 182 institutions and 42 countries around
the world. Along with the CMS detector, ATLAS as a multipurpose detector
has been designed to detect as many particles as possible emanating from
the point at which the LHC beams collide. By reconstructing these particles
it is possible to determine what processes occurred when the beams collided
and thereby test the validity of the SM and search for new physics beyond
the Standard Model. Notably, scientists observed the Higgs particle using
the ATLAS detector (and CMS detector) in 2012.

In this chapter, the LHC facility, its structure and function are briefly pre-
sented in Section 3.2. Section 3.3 describes the ATLAS detector and its sub-
systems, followed by the ATLAS data and simulation in Section 3.4. This
chapter closely follows the ATLAS Technical Design Report [57, 58].

3.2 The Large Hadron Collider

The LHC utilizes the previous tunnel of the Large Electron-Position Collider.
The tunnel circumference is 27 kilometres and the depth is from 50 to 175
meters located at the French-Swiss border and the west of Geneva. The
collider facility comprises two adjacent parallel beamlines. Each of them
contains a proton beam. The two beams are travelling in opposite directions.
In each packed short-pulse beam bunch, there are approximately 10!! protons.
The protons in the two rings are accelerated and then collide with each other
at each Interaction Point (IP). A particle detector is located at, and centred
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on, the IP. A strong magnetic field is generated by the electromagnets to
guide the beams in the accelerator. The LHC achieves an unprecedented
dipole magnetic field strength of 8.3 TeV. This high field is achieved via the
superconducting materials made of niobium-titanium coils with super-fluid
helium cooled down to 1.9 K which is cooler than outer space. The LHC
contains 1232 dipole magnets to keep beams in their circular orbits and 474
quadrupole magnets to bunch and squeeze the protons together to reduce
the dispersion of the proton beams and thus increase the collision rate. Over
1600 magnets are installed in the LHC tunnel most with a weight of about
28 tonnes. In order to maintain the temperature, an isolation system is
employed, utilizing a high-insulating vacuum of 107% mbar [56].

The proton beam is accelerated to an energy of 6.5 TeV (/s = 13 TeV) in
Run 2 and 6.8 TeV (y/s = 13.6 TeV) in Run 3, achieved through upgrades
during Long Shutdown 2. These collision energies are close to the design per-
formance of 14 TeV. Protons originate from a hydrogen source. The hydrogen
is stripped of its electrons. The resulting protons undergo several stages of
acceleration to reach the energy required in the LHC tunnel. A schematic
illustrates the full process of the acceleration in Figure 3.1. The stage starts
with a linear accelerator (LINAC). Particles are accelerated here to 50 MeV.
Due to residual magnetic fields in the ring cavities, direct injections in the
ring section are not possible. Instead, protons are injected into a booster
ring, where their energy increases to 1.4 GeV. After being injected into the
Proton Synchrotron (PS), the proton energy further increases to 26 GeV.
In the Super Proton Synchrotron (SPS), the energy reaches 450 GeV. The
SPS operating as the CERN proton-antiproton collider (SppbarS) made the
Nobel-prize-winning observations of the Z and W bosons in 1983. Finally,
the protons are accelerated in the LHC ring where they reach an energy of
6.5 TeV.

There are four detectors located at different positions where the two beams
collide in opposite directions, including:

e ATLAS and CMS: Two general-purpose detectors.
e LHCh: Designed to study b-quark physics, rare decays and C'P violation.

e ALICE: Designed to study the quark-gluon plasma and multi-track events
generated by heavy-ion or proton collisions.

33



Chapter 3. The LHC and the ATLAS Detector 3.2. The LHC

CMS
LHC North Area
o CIFe
~~CEN EIEL-
ALICE . :

o LHCb

SPS

™

HiRadMat
AD
™ ISOLDE
QI
P \/ . REX/HIE East Al
. R :
IIRRAD/CHARM§
PS | 5
\ \ 1959 (628 m)
LINAC 2
<
o
LINAC 3
s
) ions ) RIBs (Radioactive lon Beams) ) p (antiprotons) ) e (electrons)
LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS Proton Synchrotron ~ AD Antiproton Decelerator

AWAKE Advanced WAKefield Experiment  ISOLDE Isotope Separator OnLine  REX/HIE Radioactive EXperiment/High Intensity and Energy ISOLDE

LEIR Low Energy lon Ring  LINAC LINear ACcelerator HiRadMat High-Radiation to Materials
CHARM Cern High energy AcceleRator Mixed field facility = IRRAD proton IRRADiation facility ~ GIF++ Gamma Irradiation Facility

CENF CErn Neutrino platForm

Figure 3.1: Particle acceleration stages in the LHC at CERN, from linear accelerators (LINACs)
to the Booster, Proton Synchrotron, Super Proton Synchrotron and eventually the Large Hadron
Collider. Proton beams in two rings are accelerated in opposite directions and collide with each
other at the centres of the LHC detectors: ATLAS, ALICE, LHCb and CMS. Figure reproduced
from [59].

3.2.1 LHC Key Parameters

In this section, two key LHC parameters are considered: the available energy
and the instantaneous luminosity.

Luminosity: The luminosity determination is crucial for measuring a cross-
section as it represents the proportionality between the cross-section o and
the event rate R:
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R[s7' = L[em 257 x o[em™?] (3.1)

Here, L is the instantaneous luminosity determined by the design of the
accelerator and it is related to the number of particles colliding directly. The
cross-section remains constant over time. Therefore, the luminosity integral
(integrated luminosity) is the number of events expected, N, in a period

AT:

N(AT)=o0 L(t)dt (3.2)

AT
It is clear that to study a rare process which will have a small cross-section
and hence a low rate, a high luminosity is crucial. Assuming a Gaussian
profile for the beams and head-on collisions the instantaneous luminosity is

given by
NiN>f N,
L= NN/ N (3.3)

dro,oy

where Nj(9) is the number of particles of each bunch in beam 1 (2), f is the
revolution frequency, Ny is the number of bunches in each beam in a ring and
04(y) is the horizontal (vertical) root-mean-square (RMS) beam size [60]. The
instantaneous luminosity at the LHC increased from 0.5 to 19 x 103 e¢m =2 57!
during Run 2. This implies that approximately 103* particle collisions occur

per second per cm?.

Parameters related to the LHC luminosity, such as the revolution frequency
and beam intensity, are measured using various monitors. Beam profile mea-
surements are conducted through van der Meer (vdM) scans. The ATLAS
experiment published the most recent measurement of LHC luminosity in [61]
in 2023. These dedicated scans involve moving the pp beams in the trans-
verse plane step by step and crossing each other. At each point, the collision
rate is measured to effectively determine the beam height. Beam profiles and
reduction factors are measured through various experiments using special
sub-detectors called lumino-meters. In the ATLAS experiment, multiple al-
gorithms are used to measure the luminosity with several lumino-meters.

To test the SM and search for new physics, high collision rates are required
at the LHC. Consequently, more than a single proton-proton collision oc-
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curs when two bunches of protons cross each other. Hard high-energy events
of interest (i.e., involving high transverse momentum transfer between the
partons) are generated along with intense soft QCD interactions with low
energy (i.e., involving low transverse momentum transfer). The vertices of
these two types of process are often referred to hard-scattering vertex and soft
vertices, respectively. The soft vertices are known as pile-up events. There
are two different types of pile-up events based on their origins: in-time with
soft collisions in the exact same bunch, and out-of-ttme with collisions from
adjacent bunches. The out-of-time pile-up is affected by the detector re-
sponse [62], while the in-time pile-up is measured using the reconstructed
primary event technique [63] and affected by the average interactions per
bunch crossing [62]:

£bunch * Ojnelastic
= 3.4
(1) o (3.4)

here, Lyunen is the instantaneous luminosity for each bunch, np,,., denotes
the number of colliding bunches, and f is the bunch crossing frequency (40
MHz) i.e., bunches cross each other every 25 ns. The inelastic scattering
cross-section (Gipeiastic) i 73 (71.5) mb at 8 (7) TeV and 80 mb at both 13
TeV and 13.6 TeV based on measurements from ATLAS [64]. The measured
pile-up profile in Run 2 and early Run 3, is depicted in Figure 3.2. The
average number of interactions per crossing increased from 33.7 to 42.5 from
Run 2 to Run 3, representing a nearly 25% improvement, due to huge efforts
in the LHC during Long Shutdown 2 [65, 66].

Centre-of-mass Energy: Apart from the luminosity, another key parame-
ter is the centre-of-mass energy. This determines the accessible phase space
for the production of resonances in both SM and BSM. For off-shell Higgs
analysis, this parameter is particularly important to enable the measurement
of off-shell Higgs events at the TeV level. The energy of the LHC increased
from 13 TeV to 13.6 TeV during the Long Shutdown 2 upgrade, primarily
achieved through the upgrade of the superconducting dipole magnets. 1232
superconducting dipole magnets guide the beam around the LHC ring. The
higher magnetic field, from higher electric current in the magnet’s super-
conducting coils, is necessary to maintain a constant orbit for higher beam
energy.
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Figure 3.2: Average number of interactions per pp bunch crossing at 13 TeV in 2015 to 2018 and
at 13.6 TeV in 2022 [64].

Compared to an electron collider, like LEP, a hadron collider can achieve
higher energy in a circular ring with the same radius. This is because the
synchrotron radiation is proportional to v*, where v is the Lorentz factor. The
total energy is given by E = ym..,c*>. Hence, to achieve the same energy
for an electron and a proton in the same ring, the synchrotron radiation
for the electron is 10'3 times larger than that for the proton by virtue of the
large proton-to-electron mass ratio. Consequently, a hadron collider can more
easily reach high energies. However, hadron colliders experience significantly
larger background collisions compared to electron-positron colliders due to
the complex composition of hadrons. For example, a proton consists of quarks
and antiquarks, gluons and sea quarks.
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3.3 The ATLAS Detector

The ATLAS [57] detector has a forward-backwards symmetric shape and
provides coverage over almost the entire solid angle. The detector is 46
(length) x 25 (height) x 25 (width) m? and weighs approximately 7 thousand
tonnes. It is located 100 meters below ground, consisting of 100 million
readout channels to process the particle collisions at a rate of 40 MHz due to
the LHC’s fast 25 ns bunch crossings. The ATLAS detector is dedicated to
studying pp collisions and performs the following functions:

e Precise detection of electrically charged particles by bending their tra-
jectories in a 2 T magnetic field to determine the electric charge and
momentum based on the curvature of the trajectories.

e Reconstruction of the collision vertices to locate the collision position
and separate hard events of interest from soft pile-up events,

e Measurement of the particle energies hadronically and electromagneti-
cally using the hadronic and electromagnetic calorimeters.

e Detection of muons through the measurement of muon tracks with the
inner detector and dedicated muon spectrometers at large radius.

The excellent muon reconstruction capabilities enable the precise reconstruc-
tion of the Higgs particle, leading to a high-resolution measurement of its
mass. Additionally, the high hermeticity of the detector allows the recon-
struction of the missing transverse momentum. Both are crucial for the
off-shell Higgs measurement, enabling us to find evidence of off-shell Higgs
production for the first time at ATLAS. The ATLAS detector also plays a
significant role in setting limits on BSM phenomena, which the analysis in
this thesis benefits from. A description of the ATLAS detector is presented
below.

Coordinate System The right-handed coordinate system is used with the
origin at the nominal collision point. The z-axis coincides with the beam
pipe (see Figure 3.3). The z-axis points from the collision point towards the
centre of the LHC ring, while the y-axis points upwards. The cylindrical
coordinate (r, ¢) is utilized in the transverse plane with ¢ representing the
azimuthal angle around the z-axis. In this thesis, the term transverse refers
to the plane perpendicular to the proton direction, while longitudinal refers
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to the positive z direction.

Detector

Collision
Point

i i

I |

0 Beam Line

X (Center of LHC)

Figure 3.3: ATLAS detector coordinate system. Figure adapted from [67].

In particle physics, invariant quantities are often used. The rapidity is defined
as an invariant observable under Z boosts:

(3.5)

; [E +p- 003(0)]

— 2
Y N E —p-cos(0)

Here, 0 is the polar angle. p and E represent the particle momentum and
energy, respectively. Although the rapidity is invariant, its measurement
relies on accurate particle identification due to the mass term in £. Therefore,
the commonly used quantity is the so-called pseudo—rapidity:

= —In tan(g) (3.6)

This approximation is valid for high-energy particles (p > m):

y=n+0(m?/p?), if p>m (3.7)

Another commonly used variable is the transverse momentum in the z-y
plane:

pr = (P2, py) = pr = p - sin(6) (3.8)
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The schematic layout of the ATLAS detector is depicted in Figure 3.4. Con-
ventionally, it is categorized into three regions: the central region with |n| <
1.05, and two forward regions with coverage 1.05 < |n| < 2.4.

:

25m

\ Tile calorimeters
. : ° LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 3.4: ATLAS detector layout. The ATLAS detector includes the inner detector (pixel de-
tector, semiconductor tracker and transition radiation tracker), calorimeters (LAr electromagnetic
calorimeters, LAr hadronic end-cap and forward calorimeters), muon spectrometer (muon chambers
and toroid magnets) and the trigger system. The ATLAS detector is 46 (length) x 25 (height) x
25 (width) m3 and weighs approximately 7 thousand tonnes. Figure reproduced from [68].

Particles produced from pp collisions pass through the following components
of the ATLAS detector in the following sequence:
e The thin wall of the beam vacuum pipe, made of beryllium.

e The tracking system, the Inner Detector, which provides high-precision
measurements of charged-particle trajectories.

e The calorimeter system, which includes finely segmented electromag-
netic and hadronic calorimeters with projective tower geometry. The
energies of the electrons and photons are determined by the electro-
magnetic calorimeters and the hadronic particles are measured by the
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hadronic calorimeters. In the electromagnetic calorimeter, the active
material is liquid argon (LAr) and the passive absorber is made of lead
while in the hadronic calorimeter, the scintillating tiles and steel are the
active and absorbing material, respectively.

e The muon spectrometer is designed to detect muons. Only muons are
able to reach this detector. (Strictly speaking, neutrinos which do not
interact with this detector and a small fraction of other charged parti-
cles via punchthrough can also reach this detector.) The muon spec-
trometer comprises superconducting toroidal magnets located around
the calorimeters. There are three main magnets in total. Each magnet
consists of eight coils to generate the magnetic field. Gaps in the magnets
are instrumented with gaseous detectors that determine the position of
the muon.

The pp bunch crossing rate is approximately 40 million per second, with
about 40 collisions occurring per bunch crossing. However, event recording
for further analysis is rate limited by current technology and by limited event
storage capability. Accordingly, only a few hundred events per second can
be recorded. Therefore, the rejection factor at ATLAS for soft events or
minimum-bias processes is about 10°. This rejection is achieved through a
sophisticated trigger system in ATLAS, consisting of two stages. The first
stage (Level 1 trigger) is constructed with hardware using the calorimeter and
muon chambers. The event rate is decreased to 100 kHz in this stage. The
second stage (high-level trigger H LT') continues reducing the data recording
rate to 1 kHz. The HLT is software-based and operates offline.

The subsequent sections of this chapter provide detailed descriptions of each
sub-detector, including upgrades implemented during the Long Shutdown-2.

3.3.1 Inner Detector

The first component that detects the decay products of collisions is the Inner
Detector (ID). It is highly sensitive and compact consisting of different sensor
systems. These subsystems are the Pixel Detector, Semiconductor Tracker
(SCT) and Transition Radiation Tracker (TRT), as depicted in Figure 3.5.
The ID measures the momentum, charge and direction of the particles. The
transverse momentum (pr) is determined by the track measurement
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0.3BL>
pr = 30
if L < R, where L is the length of the tracker, R is the radius of the track
trajectory, B is the magnetic field, and A is the length of sagitta (sagitta refers
to the longest distance between the track arc and the corresponding chord.)
The sign of the curvature can determine the charge of a particle [69].

(3.9)

We now describe in greater detail each sub-detector of the ID:

e Pixel Detector It is located at a radial distance of 3.3 < r < 12.3 cen-
timetres from the LHC beam line and serves as an initial detection point.
It consists of four cylindrical silicon pixel layers in the barrel region, and
three disks in each of the endcap regions. When charged particles pro-
duced in the LHC collisions reach the pixel detector, they deposit small
amounts of ionization energy producing electron-hole pairs, that drift in
the applied electric field (a bias voltage of 150 V) to electrodes where
they are collected and subsequently amplified and digitized in a readout
ASIC bump bonded to the pixel sensor. The position of this charge can
be used to measure the position of the charged particle at the radial
distance of each pixel layer and this information for each layer can be
combined to determine the particle’s trajectory and hence origin and
momentum. The silicon area is approximately 1.9 m?, there are about
80 million pixels, and it consumes 15 kW of power. The technology of
the outermost three layers is planar silicon sensors while the innermost
layer, known as the Insertable B-Layer (IBL), contains 3D silicon sen-
sors. There are 14 staves (cylindrical support structures), each equipped
with 32 individual chips. The pixel pitch in the bending plane, relevant
for the measurement of pr is 50 pum [57, 71, 58].

e SemiConductor Tracker (SCT): It surrounds the Pixel Detector and
is responsible for detecting and reconstructing tracks of charged parti-
cles. It is located at a radial distance of 29.9 < r < 51.4 centimetres
from the LHC beam line. It consists of four cylindrical silicon pixel lay-
ers in the barrel region, and nine disks in each of the endcap regions. It
comprises more than 4 thousand modules housing a total of 6 million sil-
icon strips. The silicon covers an area of 60 square meters, strategically
distributed across the barrel layers and endcap discs. The strip pitch in
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Figure 3.5: Inner detector layout and its size, showing three components the Pixel Detector,
Semiconductor Tracker and Transition Radiation Tracker. Figure reproduced from [70].

the bending plane, relevant for the measurement of pr is 80 um. The
tracker is designed so that each particle traverses a minimum of four
layers of silicon, ensuring precise measurements of tracks with a position
resolution of 25 um [57, 71].

e Transition Radiation Tracker (TRT): The TRT forms the ID outer
layer and has distinct characteristics compared to the neighbouring sub-
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detectors. The TRT consists of 300 thousand drift tubes. Each one
possesses a diameter of 4 mm and is called a “straw”. They contain a
gas mixture. If charged particles pass through them, they ionise the gas,
generating an electric signal that can be detected. This signal is utilized
to reconstruct the tracks of the particles and, due to the phenomenon of
transition radiation, provides information about the particle type, such
as whether it is an electron or a pion. The TRT exhibits the following
specifications: it comprises 350,000 read-out channels and occupies 12
m?3 in total. The barrel region has 50,000 straws, each extending to a
length of 144 cm. In the endcap regions, there are 250,000 straws, with
each straw measuring 39 cm in length. Notably, the TRT achieves a
precision measurement of about 0.2 mm, specifically from the particle
track to the wire [57, 71].

The combination of these three sub-detectors provides high precision with the
Pixel Detector and SCT at small radii and the TRT at a large radius.

3.3.2 Calorimeters

Unlike the tracker, which is designed to minimally disrupt traversing parti-
cles, the calorimeter system is designed to measure their energy by stopping
them. This ensures a less noisy measurement of the energy and allows the
measurement of the missing transverse momentum.

The components of the calorimeter are sampling rather than homogeneous.
Sampling calorimeters use alternating layers of dense material producing a
shower and active layers that measure energy. In calorimeters, the relative
energy resolution improves with increasing pr of the traversing particle, which
is the opposite of the tracker.

The radiation length X, of a material is the length that a high energy electron
traverses before its energy decreases to 1/e of its initial energy, primarily via
bremsstrahlung and e*e™ pair production. A related quantity for hadrons is
the nuclear interaction length (\), defined as the mean distance traversed by
a hadron before an inelastic nuclear interaction.

Two separate subsystems are included in the calorimeter system, i.e., the
electromagnetic and the hadronic calorimeters. They are assembled around
the beam with coverage up to |n| < 4.9 and ¢-symmetry [72]. Over the
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region covered by the Inner Detector, the electromagnetic calorimeters [73],
are Liquid Argon (LAr) sampling calorimeters. They measure the energies of
photons, electrons and positrons. The hadrons are reconstructed using the
tile and LAr calorimeters. LAr is chosen for its abundance, radiation hard-
ness, and excellent energy resolution. For jet and EJ** reconstruction, a
coarser granularity of the hadronic calorimeter is enough to meet the physics
requirements. Photons and electrons deposit energies in the electromagnetic
calorimeter by producing electromagnetic showers. Electrons and positrons
emit photons through bremsstrahlung during deceleration. The photons with
high energy produce eTe™ pairs and the primary electrons or positrons, de-
pending on their energy, may emit additional photons. This process continues
with secondary electrons or positrons emitting further photons, resulting in
the development of electromagnetic showers. This process continues until the
energy drops below the critical energy where ionization and excitation losses
dominate. The Hadronic showers develop similarly to the electromagnetic
showers. However, the hadronic showers are developed from the inelastic
hadronic scattering with the nuclei of the target material and radiation with
quarks and gluons primarily and also electrons and photons. As a result, the
development of hadronic showers is more complex.

Figure 3.6 depicts the calorimeter layout in detail:

e LAr Electromagnetic CALorimeter (ECAL): It is divided into two
parts: the barrel region (|n| < 1.4) and two electromagnetic endcap
calorimeter (EMEC) regions with 1.4 < |n| < 3.2.

The barrel region has three longitudinal layers that enable discrimina-
tion between electrons, photons and pions. Additionally, a sub-detector
called the pre-sampler is placed before the LAr barrel. It is composed
of an LAr layer. There is no absorber material in the pre-sampler but
it is designed with high granularity to measure the energy loss prior to
the calorimeter system. The front layer surrounds the pre-sampler and
it has the finest granularity in ¢, with a strip resolution of An = 0.0031
to allow separation of v/7° and e/m. This layer extends up to 6X,. The
middle layer occupies most radial depth up to 16.X,. This layer captures
the majority of the showers from electrons and photons. The last layer,
back layer, provides two Xy with An x A¢ = 0.050 x 0.025. It covers
the tails of large showers from high-energy electrons and photons.
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Figure 3.6: ATLAS calorimeter layout with its sub-detectors in the barrel region and the forward
region. Figure reproduced from [74].

The LAr sampling calorimeter contains interchangeable lead or stainless
steel absorbers and additional sub-detectors to provide energy informa-
tion. The sub-detectors are immersed in LAr at a temperature of 88 K.
The signal is collected by electrodes and amplified.

The region between the barrel and the endcap is typically excluded from
physics analysis due to the presence of support structures, which can
lead to inaccurate energy measurements.

In summary, the total material budget of the ECAL is greater than 22 X,
radiation lengths in the barrel and greater than 24 X, in the endcaps [57,
75].

e Hadronic CALorimeter (HCAL): It is composed of three parts: the
LAr Forward CALorimeter (FCAL), the LAr Hadronic Endcap Calorime-
ter (HEC), and the tile calorimeter [76]. These are all sampling calorime-
ters. In the tile calorimeter, iron is used as the absorber and plastic
scintillators serve as the active material. This calorimeter is located im-
mediately behind the LAr ECAL and is divided into three cylindrical
regions with respect to 7: the central barrel region and two extended
barrel regions, each having three layers.
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A particle produces excitations in the atoms when passing through the
scintillator tiles and generates a light signal when the atom de-excites.
In the plastic scintillator, the light is generated and transported to the
photo-multiplier (PMT) tubes to be amplified and then detected.

The HEC contains two wheels in each endcap region and is located
beyond the barrel region. To reduce the material density drop between
the forward and the endcap calorimeters, the HEC segments up to |n| =
3.2 to provide overlap with the FCAL.

The FCAL is housed in the same cryostat as the endcap calorimeter.
Compared to the LAr calorimeters, the FCAL has a different design to
improve the radiation robustness with the high-density design - about 10
A in depth. It has three modules: the first module is made of copper to
optimize the measurement of electromagnetic signals, while the second
and third modules are made of tungsten.

3.3.3 Muon Spectrometer

The Muon Spectrometer (MS) [77] is the outermost part of the ATLAS de-
tector and was designed to trigger muons up to |n| < 2.4 and measure their
transverse momentum up to |n| < 2.7. It works by measuring the sagitta of
the tracks in an applied magnetic similar to the tracker. However, the field
bends muon tracks in the y — z plane. It achieves a momentum resolution
better than 3% for most of the pr range and no more than 10% at about
1 TeV. The MS is categorized into three regions: a central barrel region
and two endcap regions. The magnetic field is provided by superconducting
toroid magnets, which generate a bending integral of 2.5 (6) Tm in the central
barrel (endcap) regions. The transition region, located at 1.0 < |n| < 1.4,
combines the magnetic field from the barrel and endcap regions. To mini-
mize resolution degradation caused by multiple scattering from the iron, the
ATLAS magnets do not include an iron yoke. The MS layout is presented in
Figure 3.7.
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Figure 3.7: Figure 3.7a shows the 3D view of the ATLAS muon spectrometer layout with various
muon chambers. Figure 3.7b presents the barrel region cross-section in the x-y plane. The Resistive
plate chambers, shown in red, serve as triggers. The MDTs (Monitored Drift Tubes) chambers,
shown in cyan, provide precision muon momentum measurement. Figures reproduced from [78]

and from [79], respectively.
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There are approximately 4000 muon chambers in total. There are four types
of chamber each working on the principle of gas ionization. If a muon passes
through the detector it ionizes the gas. There is an electric field applied
to the detector. The liberated charge drifts towards the charge-collecting
electrodes. As the electrons gain energy from the electric field it becomes
possible for them to further ionise the gas liberating further charge. This
process creates a gas avalanche and is known as gas amplification or gas
gain. The amount of amplification depends on the strength of the applied
electric field which depends both on the voltage and the geometry (i.e. the
distance between the anode and cathode) and the composition of the gas
mixture and its pressure.

e Monitored Drift Tubes (MDTs): The MDTs offer precision mo-
mentum measurement in the range |n| < 2.7. The MDTs consist of
pressurised drift tubes holding Ar/COy gas (the ratio is 93/7) gas at
3 atmospheric bars [80]. The diameter of these tubes is about 30 mm.
There are 1088 drift tube chambers in total with an area of 5500 m?.
Each MDT chamber provides 6 to 8 measurements in 7. The per-hit
resolution is 80 um, and the alignment precision is 30 um.

e Cathode Strip Chambers (CSCs): The CSCs are located in the end-
cap region. They provide better spatial measurements than the MDTs
due to their excellent time resolution and higher rate capability [81] but
suffer from the high radiation fluence in the forward region. In the CSCs,
the cathodes are segmented into orthogonal strips. The operational volt-
age for each chamber is about 1900 V. The gas mixture used is Ar/COq
(80/20). The CSCs can reach a per-hit resolution of 60 pum but have a
worse alignment precision of 60 um compared to the MDTs.

¢ Resistive Plate Chambers (RPCs): RPCs are used to trigger events
due to their good spatial and time resolutions and rate tolerance. In each
RPC layer, there are parallel electrode plates with gaseous mixtures [82].
The timing resolution of the RPCs is 5 ns due to the extremely high
electric field strength of 4.9 kV/mm.

e Thin Gap Chambers (TGCs): The TGCs [83] serve as the trigger
detectors in the endcap region. The good time resolution is achieved
by a large voltage potential of 2900 V resulting in a large electric field
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strength. The TGCs can reach a spatial per-hit resolution of 3 to 7 mm
in the azimuthal direction.

During Long Shutdown 2, several important upgrades were implemented to
improve the detection of the muons, including New Small Wheel Detectors
(NSW) [84], new muon chambers in the central region of ATLAS, etc. The
NSW contains micromegas (MM) (a type of micro pattern gas detector where
an amplifying microstructure replaces the wires of a traditional gas detector)
and small-strip thin-gap chambers (STGC) to measure muon tracks. It also
enhances the spatial resolution, making it suitable for triggering purposes.
The new muon chambers installed during Long Shutdown 2 consist of 8 small-
diameter Monitored Drift Tube modules and 16 Resistive Plate Chambers
(RPC) that employ next-generation techniques. These new detectors have
one order of magnitude higher rate robustness compared to their predecessors
and provide standalone muon confirmation.

3.3.4 Trigger System

The trigger system is designed to reduce the recorded data to a manageable
level by selecting important events for analysis. Out of approximately 1.7
billion proton-proton collisions per second, the ATLAS trigger system selects
around 1000 events. The current ATLAS trigger has two parts:

e The Level-1 (L1) Trigger: It is hardware-based and utilizes informa-
tion from calorimeters and muon detectors to reduce the event rate to
100k per second. The trigger decision is made in approximately 2.5 us.

In the calorimeter trigger (L1 Calo), a sliding window technique [85] is
implemented in the trigger algorithm to find the maximum local trans-
verse energy within the two grids of trigger towers. The trigger towers
are groups of calorimeter cells. The two grids correspond to ECAL and
HCAL. The region of interest is defined around the maximum energy
deposit.

During Long Shutdown 2, significant improvements were made to the
LAr calorimeter to increase the trigger granularity. Hence the trigger
has improved resolution and is better able to reject background events.

In the muon trigger (L1 Muon), the TGCs and RPCs are employed to
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trigger muons. Three hits in both the RPCs and TGCs are required to
trigger a muon tracker. For low-py muons which are less penetrative,
the requirement is relaxed to two hits.

e The High-Level Trigger (HLT) It is based on software and utilizes a
farm of CPUs. It further reduces the data acquisition to 1000 events per
second. The decision at this level is based on a comprehensive examina-
tion of the entire event from the different detectors (tracker, calorimeter
and muon detectors) or on a sub-sample of data in small or isolated
regions of the detector.

After the selection made by the L1 and HLT systems, the data are compiled
into records and stored for offline reconstruction and physics analysis.

3.4 ATLAS Data and Simulation

An event is considered as “triggered” if it satisfies the ATLAS triggers (passes
the selection criteria). Events collected over time are grouped into differ-
ent runs, where each run corresponds to an extended period of time over
which ATLAS acquired data. The LHC data used in this thesis was col-
lected from 2015 to 2018. This period is referred to as Run 2. The collision
centre-of-mass energy was 13 TeV, with a bunch crossing rate of 1/(25 ns).
The total integrated luminosity accumulated over this period is 139 fb~! for
physics analysis. Figure 3.8 presents the integrated luminosity during this
period.

The common data format used in ATLAS is the xAOD format. It provides
the full information in the event-level reconstruction. To reduce the storage
size, ATLAS implements another data format named the DxAOD format
with only specific information kept for dedicated studies. The DxAOD size
is typically around O(1 — 2%) of the size of xAOD.

Monte Carlo simulations are crucial in high-energy physics, as they are used
to simulate expected events and the detector response. They are essential for
interpreting the physics results and for developing and testing reconstruction
and identification algorithms. The ATLAS simulation framework is inte-
grated into the Athena project [87], which incorporates the GEANT4 [88,
89] simulation toolkit.
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Figure 3.8: The delivered and recorded integrated luminosity during the Run 2 operations from
the year 2015 to 2018. Figure reproduced from [86].

MC generators simulate the interactions by calculating and reweighting the
matrix elements for a given process. In this analysis, the SHERPA [90] and
MADGRAPH [91] MC generators are used to generate most of the processes.
Further details will be discussed in Chapter 5.
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Chapter 4

Physics Object Reconstruction

In this chapter, the author discusses physics objects used in the off-shell Higgs
analysis, including electrons, muons, and jets. In the muon section, the muon
isolation project which served as the author’s qualification task for ATLAS
authorship is described. He studied muon isolation for more than one and a
half years in the ATLAS Muon Combined Performance Group (MCP). This
involved extending the muon isolation working points down to the transverse
momentum of 3 GeV and reducing the associated relative systematic uncer-
tainties from 30% to 10%. The author also made advances in track and
calorimetric isolation variables, as well as studying pileup correction tech-
niques for future Run-3 or HL-LHC optimization. Notably, over the last two
years, the paper “Muon reconstruction and identification efficiency” [5] has
received more than 390 citations to which the author contributed. Moreover,

the author had the opportunity to present a talk on muon performance high-
lights at the ATLAS UK 2020 annual meeting.

Additionally, finding evidence of the off-shell Higgs process successfully re-
lies on effective pileup jet mitigation in the ATLAS forward detector region,
where the two energetic jets from the vector-boson-fusion production mode are
located. The author implemented and studied the forward jet vertex tagger in
the off-shell Higgs analysis and the number of background jets in the forward
region was reduced by 36%.
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4.1 Introduction

The lifetime of the Higgs boson is only 1.6 x 10722 seconds, which means
it decays before reaching the detector. Therefore, its properties are mea-
sured through the decay products. This thesis focuses on the decay into a
Z boson pair. However, the Z boson itself is not stable with a lifetime of
3 x 1072?° seconds, and cannot be detected directly either. In this thesis,
Z —ete, Z = putp” and Z — vv (where v represents one of the three
neutrino flavours) are analyzed. The Z — 777~ decay channel is not consid-
ered in this analysis due to the challenges in identifying and reconstructing 7
decays, particularly the hadronic decays which constitute 65% of all 7 decays,
leading to significant contamination from background events. Electrons use
information from the tracking system and calorimeters for reconstruction,
while muons use additional information from the Muon Spectrometer. Neu-
trinos, on the other hand, interact weakly with ordinary matter and cannot
be directly detected. Instead, the missing transverse energy E/ is mea-
sured as an indirect signature of their presence. In the vector boson fusion
production mode, two energetic jets are generated, providing a distinctive
signature.

This chapter covers the reconstruction of these physics objects. Their inter-
actions with different ATLAS sub-detectors are illustrated in Figure 4.2. Sec-
tion 4.2 describes the reconstruction of tracks and vertices, while section 4.3
and 4.4 discuss electrons and muons, respectively. Finally, Section 4.5 focuses
on jets and mitigation of backgrounds.

4.2 Tracks and Vertices

Charged particles produced from pp collisions follow helical trajectories in the
ATLAS detector due to the presence of the solenoidal magnetic field. These
trajectories are reconstructed starting from the energy deposit in the ATLAS
inner detector, where the clustered energy deposits are referred to as hits.
A primary method used for track reconstruction in ATLAS is the inside-out
strategy [93]. In this strategy, three hits on different layers of the Pixel or
SCT are required as the first step in the identification process. Subsequently,
a Kalman filter [94] is employed, based on the preliminary trajectory, extend-
ing the track by combining it with other hits that are selected. However, due
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Figure 4.1: Diagram of particle paths through the ATLAS detector. Particles with different
properties interact differently with the ATLAS sub-detectors. Figure reproduced from [92].

to the potential incorrect hit assignment or shared hits with different tracks,
ambiguous tracks can arise during this procedure. To resolve the ambigu-
ity, a score is assigned to each candidate according to the number of hits
and its detector region (with hits from the Pixel Detector receiving a higher
score). Low-quality candidates are further eliminated using an additional >
fit. Tracks with higher momenta are extended to the TRT region to improve
their quality and mitigate left-right ambiguities. Low-pr track candidates,
which are likely from wrong hit assignments or pile-up, are removed. Another
strategy called the outside-in approach, serves as a complementary method
to reconstruct tracks starting from hits in the TRT volume and then extrap-
olating back to the SCT and Pixel Detector. This approach is advantageous
because the outer layers of the detector typically have fewer particles passing
through compared to the inner layers, resulting in higher track reconstruction
efficiency if multiple particles are present. The reconstructed tracks must sat-
isfy general criteria (also known as loose requirements), such as at least seven
hits in the silicon detector and a transverse momentum py > 400 MeV. Due
to the ATLAS inner detector coverage, tracks can only be reconstructed in
the region |n| < 2.5.

The reconstruction of vertices, which are the points where particles origi-
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nating from the collision decay or interact, is crucial for physics analysis.
Accurate vertex reconstruction allows for the determination of from where
the particle originated and hence its source and decay processes. The Pixel
Detector and SCT in ATLAS, with their high-resolution tracking capabili-
ties, provide precise measurements of charged particle trajectories that can
be used to identify the locations of vertices. However, in each triggered event,
multiple vertices can be reconstructed due to multiple collisions per bunch
crossing. To identify these vertices, it is useful to define different types:

e Primary vertex: This is the vertex of interest that physicists are primar-
ily concerned with, as it provides information about the physics processes
under study.

e Secondary vertex: Secondary vertices are formed by unstable particles
originating from the primary vertex, which travel a short distance and
decay into other particles. The construction of the secondary vertices
can be beneficial for jet flavour identification [95].

o Pileup verter: Pileup vertices refer to additional interactions distinct
from the primary collision that occur in the original multiple proton-
proton interactions. Each pileup event has its own vertex, called a pileup
vertex.

track

Figure 4.2: Definitions of transverse (dp) and longitudinal (zp) impact parameters for a track at
interaction point. Figure reproduced from [96].

To identify the primary vertex of interest, several steps are involved:
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e Track Reconstruction: Tracks for charged particles are reconstructed
using the information from ATLAS sub-detectors, as mentioned before
in this section.

e Track Association: The reconstructed tracks are associated with the
correct vertex based on their spatial proximity. Two important parame-
ters, the transverse and longitudinal impact parameters, are used for this
purpose. Their definitions are illustrated in Figure 4.2. The momentum
and direction of the track are also taken into account to improve the
association.

e Vertex Fitting: Vertex-fitting algorithms, such as x? minimization,
are applied to refine the primary vertex determination and then find the
best-fit position of the primary vertex.

e Vertex Selection: A selection process is applied to distinguish the
primary vertex from other vertices using the number of associated tracks,
the goodness of fit, and others. For example, the hard-scattering (HS)
primary vertex is defined as the primary vertex with the highest > p2
of the associated tracks.

Finally, to mitigate the effects of pileup, additional techniques are applied to
separate the tracks associated with the primary vertex from those originating
from pileup interactions. One of these techniques, Forward Jet Vertex Tagger,
has been implemented in the off-shell Higgs analysis by the author, with
further details provided in Section 4.5.3. The overall efficiency of primary
vertex reconstruction is above 99% [97].

4.3 Electrons

Electrons and their antiparticles, positrons, are reconstructed by combining
track information from the ID and cluster information from energy deposits
in the calorimeters. The forward region only has cluster information from
the Electromagnetic Endcap Calorimeter (EMEC) and Forward Calorimeter
(FCal) since no track information is available as the tracks are outside the
fiducial volume of the ID. A schematic sketch, depicting an electron path is
presented in Figure 4.3. The discussion on reconstruction, identification and
isolation below focuses on central region electrons.
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Figure 4.3: An electron path in the ATLAS sub-detectors, from the inner detector to electromag-
netic calorimeters. The solid red curve presents an electron candidate trajectory, while the dashed
red line represents a photon radiated from the electron. Figure reproduced from [98].

4.3.1 Reconstruction

Cluster information, track information, and their combination are crucial for
reconstructing electrons, as described below:

e Cluster reconstruction: In the electromagnetic energy cluster recon-
struction, a sliding-window algorithm [99] is employed to seed the can-
didates from localized energy deposits. In this procedure, each window
is An x A¢ = 0.075 x 0.125. At least 2.5 GeV of transverse energy for
each sliding window is required to identify a seeded cluster. Then the
neighbouring cells are considered for merging into the seeded cluster if
their energies exceed the noise energy threshold.

e Track reconstruction: The general track reconstruction process is
described earlier and can be found in Section 4.2. Additionally, when
high-energy electrons traverse the material of the ATLAS tracking de-
tectors, such as the Pixel Detector and SCT, they can emit photons due
to the acceleration by the electric field of atomic nuclei in the detector
material. This phenomenon is known as bremsstrahlung radiation. The
bremsstrahlung radiation energy is inversely proportional to the particle
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mass squared, resulting in a significant energy loss for electrons com-
pared to muons, as the mass of muons is approximately 207 times that
of electrons. To account for this energy loss, the electron track allows
up to a 30% decrease in energy at each intersection with the detector
material. This energy loss corresponds to a decrease in momentum, and
consequently, an increase in the curvature of the electron trajectory in
the magnetic field (or equivalently a decrease in the radius of curvature).
Therefore, in addition to the track fit described in Section 4.2, the fit
procedure uses an improved Gaussian Sum Filter [100] algorithm to take
the energy loss into account.

e Combining cluster and track information: The reconstruction of
the electron is finalized by combining the refitted track candidate and the
matched electromagnetic energy cluster candidate. It should be noted
that the energy loss in tracks leads to a decrease in the cluster energy
compared to the original electron energy, which must be calibrated [101].
A loose match requires the angular distance between the centre of the
cluster energy and the position of the track satisfying |An| < 0.05 and
—0.10 < A¢ < 0.05. In cases where multiple tracks pass the matching
criteria, these tracks are ranked based on the number of hits and the
distance to the cluster to identify the primary electron track. To recon-
struct an electron, the associated track must have more than three hits
in the silicon layers. Others are removed and considered to be photons.

4.3.2 Identification

Prompt electrons are the electrons of interest in the off-shell Higgs analysis.
A prompt electron is produced at the primary interaction vertex of a parti-
cle collision. However, it can be contaminated by various backgrounds, such
as photons converting into e*e™ pairs in the detector material, jets with a
similar signature to prompt electrons, and secondary particles from unstable
hadron decays. Requirements on the impact parameters in track and pri-
mary vertex association are dy/o4, < 5 and Azgsing < 0.5 mm, respectively.
Here dy and 7y are track impact parameters defined in Section 4.2, o4, is
the corresponding uncertainty, and 6 denotes the track polar angle. These
requirements reduce backgrounds, particularly from secondary particles. In
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addition to the impact parameters, other variables can also be utilized in a
likelihood-based identification method (LH) [98], including calorimeter clus-
ter measurements: ratios of the energy of each layer to the total energy and
shower width; track measurements: number of hits in each layer, and track-
cluster matching parameters: An and A¢ between the cluster and the track
position. In this multivariate approach, the discriminant d, is constructed
as:

Ls

dr — — =2
T Ler Ly

with Lgp)(@) = | [ Psisya(z:). (4.1)
i=1

Here, x refers to a vector having all discriminating variables mentioned above
and Pg(p),i(7;) denotes the corresponding probability density function, from
simulated signal or background events.

To accommodate various requirements in physics analysis at ATLAS, various
fixed-cut values on the LH discriminant are applied to provide working points:
Tight, Medium, Loose and VeryLoose. From the definition of the discriminant
in Equation 4.1, it is evident that prompt electrons generally have higher
scores while backgrounds have lower scores. Consequently, a higher-value
cut on the d, discriminant, such as for the Loose working point, yields a
higher efficiency but a lower background rejection rate. Therefore, an ideal
scenario with both high prompt electron efficiency and a high background
rejection rate is not achievable. Each analysis must choose a working point
that strikes a compromise. For example, in the off-shell Higgs analysis, the
Loose Likelihood quality electron with one or more hits in the innermost layer
is implemented, to improve the efficiency of prompt electrons or equivalently
the signal yield, as this analysis is statistically limited.

4.3.3 Isolation

To further reduce backgrounds, an electron isolation procedure is imple-
mented based on the characteristic that a prompt electron is typically sur-
rounded by little activity. Two variables are constructed to quantify the
activity: calorimeter-based isolation and track-based isolation, obtained by
summing the cluster energies or the track momenta in a neighbouring cone,
excluding the electron candidate itself. In the calorimetric isolation variable,
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pile-up energy mitigation plays an important role. Significant improvements
can be achieved by using the topological cluster rather than the ordinary
cone. The track isolation variable requires momenta higher than 1 GeV and
only tracks associated with primary vertices are used to minimize pile-up con-
tamination. The electron and muon isolation share some similar properties.
More details are provided in the muon isolation section 4.4.3. Similar to the
identification of working points in Section 4.3.2, various criteria are applied
to the isolation variables to define different isolation working points to cater
to the various needs in the physics analysis at ATLAS.

The efficiencies for each step are evaluated in both data and simulated Z —
ete” events if B > 15 GeV, as well as J/1) — eTe™ events if Er < 15 GeV.
The overall efficiency is determined by the product of the efficiencies from
reconstruction, identification, and isolation. In physics analyses, such as the
off-shell Higgs analysis mentioned in Chapter 5, Monte Carlo events based on
the theoretical model (Standard Model) are generated and simulated using
the widely used GEANT4 toolkit [88]. However, the simulated behaviour of
electrons may differ from their actual behaviour in the ATLAS detector at
each step of reconstruction, identification, and isolation. To account for these
discrepancies, scale factors are applied. The scale factors, defined as ratios of
data efficiency measured to the efficiency of simulated events, are functions
of electron Er and 7. The obtained scale factors are close to unity.

4.4 Muons

Precise reconstruction of muons is crucial for many physics analyses at AT-
LAS, particularly in the off-shell Higgs analysis, as muons are the final decay
products in both the ZZ — 4¢ and ZZ — 2{2v. To achieve this, under-
standing the measurement method for muons is necessary. Measurements
are performed through the interaction of the muon with the detector, which
often leads to muon energy loss.

The types of energy loss for muons include:

e Jonization and excitation: as charged particles, muons can transfer en-
ergy to atomic electrons when passing through detector materials. This
transfer can result in two effects: excitation, where electrons are excited
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from their original orbits to higher energy orbits, and ionization, where
electrons are removed from atoms, leaving ions. Muons predominantly
lose energy through ionization and excitation when interacting with de-
tector materials.

e Bremsstrahlung: When muons interact with the electric field of atomic
nuclei or electrons in the material, they can emit electromagnetic radi-
ation similar to the emission of photons by (de-)accelerated electrons or
other charged particles. This phenomenon is known as bremsstrahlung.
However, the energy loss from bremsstrahlung is inversely proportional
to the square of the particle mass, leading to significantly smaller inter-
actions of muons with the detector material than electrons as the muon
mass is 207 times larger than that of the electron. Therefore, muons
typically leave very little energy in the calorimeters and can penetrate
the calorimeters to reach the Muon Spectrometer if their energies exceed
approximately 10 GeV.

e ¢"e pair production: In addition to Bremsstrahlung, another electro-

magnetic interaction is eTe~ pair production. A high-energy muon can
interact with the electric field of atomic nuclei or electrons as it traverses
a material. Governed by quantum electrodynamics, it can convert part
of its energy into the creation of an e*e™ pair. However, the energy loss
for muons in this process is relatively small compared to their dominant
energy loss mechanism, ionization.

e Nuclear Interactions: At very high energies, muons can interact with
the atomic nucleus of the detector material and create a hadronic shower
through the virtual photon emitted by the muon [102, 103].

The reconstruction, identification, and isolation of muons heavily rely on their
interactions with detector materials, as mentioned above, and are presented
in the following section.

4.4.1 Reconstruction

Muons are reconstructed individually in each ATLAS sub-detector and com-
bined to form the final muon candidate. In the ID, the general track recon-
struction strategy presented in Section 4.2 is followed. In the Muon Spec-
trometer (MS), separate muon tracks are formed from segments in each muon
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chamber. A fit is then applied to these tracks to construct the MS track, based
on the position and angle of individual track segments.

The final muon track utilizes the ID track, the MS track and additional
information from the calorimeter to define various types of muons, based on
different combination strategies. These are:

e Combined muons: A combined muon is reconstructed by combining and
fitting the ID track and MS track. It follows the outside-in strategy, in
which the combination starts from the MS track and extends into the
Inner Detector. This type of muon has the least contamination,

o Segment-tagged muons: A segment-tagged muon requires an ID track
and one or more associated segmented tracks in the MS. This strategy
aims to reconstruct muons that reach one MS layer only. This typically
occurs when the muons possess low momentum or when their trajectory

is outside the coverage area of the MS after their initial contact with the
first MS layer.

e Calorimeter-tagged muons: A calorimeter-tagged muon is reconstructed
by combining an ID muon track with an associated energy deposit in
the calorimeters. Although this type of muon exhibits the lowest purity,
it recovers muons with no track in the MS due to the MS acceptance.

e Lrtrapolated muons: An extrapolated muon requires more than one MS
segment track that can be associated with the interaction point if extrap-
olated. In the forward region, one additional segment track is needed.
This type of muon is used to recover muons where the ID is not instru-
mented.

4.4.2 Identification

Background muons, mainly originating from decays of charged hadrons, such
as pions and kaons, are often reconstructed. These background muons are
characterized by their topology in the reconstructed ID track. To identify the
muons of interest and suppress these background muons, various variables can
be used to quantify the differences, as listed below:

e ¢/p compatibility or similarity of tracks in the ID and MS.
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e /', the transverse momentum difference between the ID and MS tracks
divided by their combined value:

1D MS

,_ lpr — )

P = combined (42)
Dt

e a \? fit of the combined track.

Different muon identification selections or working points are provided, such
as Tight, Medium, Loose, and High-pp, based on the tightness of the cuts
on the variables mentioned above. The Loose type has the highest efficiency
of approximately 98.1% for muons of interest but at the cost of the lowest
purity.

4.4.3 Isolation

Muon isolation plays a crucial role in physics analysis at the LHC, and it
was the author’s qualification task required to become an ATLAS member.
In contrast to the ete™ collider LEP, the pp collisions at the LHC produce
signals with larger and more complex backgrounds. For example, the Higgs
boson rare decay to puu, and relevant measurements of the Z boson, require
well-isolated muons. Muon isolation is employed to separate different types
of muons, including prompt muons, which originate from primary vertices
or have very short decay times, e.g. muons from Z — uu, and fake muons
(non-real muons), which are misidentified particles reconstructed as muons.
However, prompt muons, especially those with low pr, can be surrounded by
jets of tracks, including muons from hadronic decays. To differentiate prompt
muons from these contaminations, both track and calorimeter variables are
utilized to define new isolation working points. These are discussed in the
following sections.

Track Isolation Variable

The total transverse momenta of other particles in a cone centred on the
muon track, pCTO"eAR, is used to define the track isolation variable, where
AR = /(An)? + (A¢)? is the angular distance. Here, 1 represents the pseu-

dorapidity and ¢ is the azimuthal angle of a particle in the detector. However,
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other objects can be close to the muon track in a busy environment. There-
fore, another variable, p%‘“”c‘meAR, is chosen to refine the selection, where the

radius of the cone is varying:

10 GeV

Im

varcone AR = min{
Pr

, R} (4.3)

where R = 0.30, and p{ is muon transverse momentum.

The isolation requirement, for example, for the FCLoose (Fixed Cut Loose)
working point, is:
varconeAR /. i
P /Pt < 0.15 (4.4)

This variable-cone pp ensures that most nearby pile-up contributions are
eliminated when the muon pr is sufficiently high. In addition, new track
variables have been introduced to reduce the effects of pileup in the 2017 and
2018 datasets. These variables are denoted as

[var|coneAR

Pr_rightrTV A (4.5)
where TT'V A stands for track-to-vertex association used to assess which in-
teraction a particle originates from. Both variables with a varying radius
cone or a fixed radius cone are provided to allow other researchers to choose

depending on their requirements. A minimum track pp cut has been applied,
which is 1000 MeV in our case.

Identifying the source of non-prompt muons can further improve the isolation
performance. Consider a tt event, as shown in Figure 4.4a where two pro-
tons collide with each other and produce a top quark pair. Top quarks can
decay into bottom quarks and W bosons, resulting in producing two types of
muons: one is directly from W bosons and the other is from bottom quarks,
as illustrated in Figure 4.4b.

Note the following;:

e Here are the reasons why the muon directly from ¢ — W is referred
to as a prompt muon and the muon from the bottom quark is termed
a non-prompt muon: the lifetime of the bottom quark is 107!2 s, cor-
responding to a 10712 sx3 x 10® m/s = 0.3 mm displacement (or even
longer considering the time dilation) if the bottom quark travels near
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the speed of light. On the other hand, the lifetimes of the top quark,
Z boson, and W boson are about 1072 s, resulting in displacements of
10717 m or slightly longer due to the time dilation (the Lorentz factors
for these particles are small due to their high masses). Therefore, the
muon directly from ¢ — W originates from the interaction point and is
called a prompt muon, while the muon from the bottom quark is not
close to the interaction point and is called a non-prompt muon.

e In the off-shell Higgs analysis, the muon of interest is generated from
pp — H — Z7Z — 40. The lifetime of the Higgs boson is about 10722
s which is also short. Therefore, the muon in this channel is a prompt
muon. This is the reason why a prompt muon is required in the off-shell
Higgs analysis.

To further isolate prompt muons from non-prompt muons, it is necessary to
understand how non-prompt muons pass the track isolation variable defined
in Equation 4.4, and are mistakenly identified as prompt muons. Here are
two cases and the corresponding variables used to mitigate this:

e (Case 1: The non-prompt muon carries a large portion of the bottom
jet energy. In this case, the track isolation variable in Equation 4.4
is still satisfied. To identify this case, as shown in Figure 4.5a, the
number of tracks around the muon candidate can improve the isolation
performance, as the decay products of the charm quark (from the bottom
quark) surround the non-prompt muon. The performance of the number
of tracks in distinguishing prompt muons from non-prompt muons is
illustrated in Figure 4.6a, which clearly demonstrates its effectiveness.

e (Case 2: The non-prompt muon is far from the charm quark jet, i.e., the
angle (o) between the non-prompt muon and jet is large, as shown in
Figure 4.5b. The track isolation variable in Equation 4.4 is still satisfied
in this case. Here, the angle between the muon candidate and the jet
can improve the isolation performance as prompt muons generally have
large energies and they are close to the track jet, while the non-prompt
muons, which usually have low-pp, are far from the charm jet. The
performance is shown in Figure 4.6b (note the y-axis is logarithmic.).

In addition to the aforementioned variables, other variables can be utilized
and combined to feed a boosted-decision-tree method (BDT), as shown in
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Figure 4.4: Prompt muons and non-prompt muons in ¢¢ production. Muons directly from ¢t — W
are prompt muons, while muons from the intermediate bottom quark are non-prompt muons.
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Figure 4.5: Two cases where non-prompt muons pass the track isolation variable, defined in

Equation 4.4 and are mistakenly identified as prompt muons.
Figure 4.7. These variables include the number of tracks, the distance be-

tween the muon candidate and track jets, and the lepton energy isolation

variable.
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Figure 4.6: Additional isolation variables that can improve the isolation performance of differen-
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Figure 4.7: The Muon isolation BDT method to differentiate the prompt and non-prompt muons.

The inputs to the BDT include the number of tracks, the track isolation variable, and the distance
between the muon candidate and track jets.
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Calorimeter Isolation Variable

In the previous muon isolation strategy [104], the calorimetric isolation vari-
able was computed simply by summing the energy of the calorimetric cells in
a cone surrounding the muon. However, sub-optimal results were obtained
when calculating the variable etcone, especially in terms of data-Monte Carlo
agreement in the presence of pile-up. To mitigate these effects, a new method
called topological clusters was introduced, which applies a noise-suppression
algorithm in these clusters and uses a new variable called topoetcone.

Topological clusters are determined by selecting the directions of muon tracks
and collecting the cells around these directions with transverse energy at least
four times the noise threshold of the cell [99]. Muon directions weighted in
different track layers are extrapolated to the positions in the electromagnetic
calorimeter by averaging:

calo 1 - ayer—i
1=1
gbcalo — l zn: ¢layer—i (46b)
n

i=1
Here, n is the number of calorimetric layers.

Pile-up and underlying event corrections: pile-up and underlying events in
the calorimetric cells should be subtracted when calculating the energy of
muons. One sequential recombination algorithm, anti—kt, is used to identify
the jets around the muons in the following steps:

e Compute the particle ¢ and j distances d;;, and d;p between particle ¢
and the beam (B):

11
dij = min(—, —)AR},/ R’ (4.7a)
b1 Prj
1
dip = —- 4.7b
B pQTz' ( )

where AR% is the distance squared. R is set to 0.5 in our case.

e I'ind the smallest in all d;; and d;p.
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o If d;; is the smallest, combine particle ¢ and j and update the distance.

e if d;p is the smallest, remove particle . Repeat all steps until all particles
are combined into jets.

The topological clusters are used to identify jets throughout the entire calorime-
ter acceptance (with n extending up to 5). Consequently, pile-up and underly-
ing event corrections can be evaluated using the technique of ambient energy
density implemented in the FastJet [105] package in the following way:

e Estimate the area A; of each jet using the Voronoi tessellation algo-
rithm [106].

e Compute the energy density of each jet: p; = pr;/A;.

e Determine the median of the energy density distribution in the event:
background jet
median (77)

The median energy distribution is multiplied by the isolation cone area sub-
tracted by the core area to obtain the pile-up correction, as described in [107]:

background je
ET, pile—up(n) = pmedigan ! t(n) X (ﬂ-R2 - Acore) (48)

where the definition of the core is:

AR = \/(Anu,clustw)z + (A€b,u,cluster)2 = 0.05 (4.9)

It should be noted that by definition the calorimetric isolation variable is the
total transverse energy of other particles excluding the muon itself. Therefore,
the final calorimetric isolation variable is:

corrected,R __ 1araw 14 pileup

Since EY. already includes the pile-up energy in the core cone, a core cone
subtraction term is present in Equation 4.8.

In the previous strategy, the median of the background jet or pile-up energy
density is chosen as a constant, for simplicity, with respect to the pseudorapid-
ity n: plchoround jet(py — phackground jet - However, studies with electrons [108]
show that this approximation is not appropriate for large n and the corre-

sponding discrepancy is significant, as depicted in Figure 4.8.
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Figure 4.8: Electron pileup energy density comparison of the current scheme (dashed lines) and
simulated events (dots). The different colours represent the different isolation cone radii.
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Figure 4.9: Pileup modification coefficient as a function of pseudorapidity for electrons.

Therefore, a modification of the pile-up energy for electrons is required. Equa-
tion 4.8 is replaced by:

Eyredified (y = phockground Jet o (2 R2 — Agore) X C(17) + (n) (4.11)

T,pile—up median

Here, ((n) and c(n) are fitted functions for each n and Figure 4.9 shows the
function ((n) for electrons.

The impact of this modification on muons is studied by the author for all
working points. The efficiency difference is shown in Figure 4.10 for pile-up
energy density as a function of n. This thesis only presents medium muon
and isolation working point isoF'CTight, defined later in Section 4.4.3. The
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Figure 4.10: Muon efficiency difference of the pileup energy density as a constant (old pileup)
and pileup energy density varying in terms of 7 (new pileup).

difference was found to be only 0.3%. In comparison, the efficiency difference
between with and without energy pile-up subtraction is 3%. Therefore, the
modified pile-up energy scheme is not significant for muons. This is not diffi-
cult to understand since electrons deposit all their energy in the electromag-
netic calorimeter, while muons interact with detector material weakly and the
energy deposit is small, see Section 4.4. Therefore, the effect of pileup energy
is significant for electrons but not for muons. It was decided that for Run-2,
the modified pile-up energy scheme would not be implemented for muons.
However, for Run-3, and particularly for HL-LHC, the number of particle
collisions increases significantly. The impact of pile-up energy subtraction
can play an important role and the current pile-up subtraction scheme may
no longer be the best choice. Thus, it is necessary to use the modified method
for Run 3, Run 4 and beyond.

Working Points

New working points have been recommended, with two of them listed in
Table 4.1. The remaining working points can be found in [107]. Various
working points are set to meet the requirements of different types of data
analysis in the ATLAS experiment.
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Working Points Track Calorimeter
FCLoose Pyt 4 < 0.15 x ph | BP0 < 0.30 x ph
FCTight pYsenesy 4 < 0.04 x ph | B < 0.15 x ph

Table 4.1: Definitions of selected muon working points: Fixed-Cut Loose (FCLoose) and Fixed-
Cut Tight (FCTight).

Muon Isolation Efficiencies

The tag-and-probe method [109] defines a Probe muon and a Tag muon. there
are several requirements in the tag-and-probe method: the mass difference
between the dimuon and the Z boson is smaller than 10 GeV and the probe
and tag muons have opposite charges to ensure that the muons originate
from Z bosons. After applying the tag-and-probe method, approximately
0.2% of muons [110] are identified as fakes. This fraction is significant in
the low probe muon pr region that we are studying. To further reduce this
fraction, muon isolation is applied. We consider several working points for
muon isolation.

The efficiency of an isolation working point is defined for data as:
d
Edata — NJ\/?(I;(tlch
dat
NP(’ZJ“O%B
which is similar to the efficiency in MC. In Equation 4.12, N{4/a  and Ndate
are numbers of muons passing muon isolation working points or the tag-and-

(4.12)

probe method, respectively.

Another quantity of interest is the scale factor, which provides an easier way
to perform physics analyses by correcting the MC simulations. It is defined as:

data

€z
SF =—_H (4.13)

€Z—up
where the efficiency in MC is calculated using the simulation result. However,
in data, Z — pup events are contaminated by EWK background and QCD
background, which can not be calculated directly. Therefore, another method
to compute the efficiency of data is used:

edate wed = focpeoep + fewreswr + (1= foep — fEWK)e%“th (4.14)
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where focp and fewi are the fractions of the QCD and EWK background,
respectively, with detailed computations shown later.

It should be noted that Equation 4.14 is used for all probe muon pp. However,
the calculation of the fractions of the EWK and QCD changes because in the
QCD background, the fit does not converge for higher probe muon pr. To
address this, another method is applied in this region.

The efficiency of the EWK background can be computed simply using MC
simulation. In contrast, for QCD background efficiency, direct computation
is not possible as the Z — pp and QCD to muons are intertwined. An
assumption is made for the QCD background: the efficiency of same-sign
(SS) charge muon pairs is the same as that of opposite-sign (OS) charge muon
pairs as a function of probe muon momentum. The fraction computation is
developed with more details as follows.

Template Fitting: To calculate the fractions of the background components,
we utilize the assumptions described in the preceding section. MC simula-
tion is used to estimate the EWK background. Another method called the
“ABCD” method, is employed to compute the QCD background and the
corresponding systematic uncertainties using shapes A-D. In this method,
the shape (shape A) of the QCD background (OS) is assumed to be the
same as the SS muon pairs (shape B). Two shapes, shape C and shape D at
high dy (impact parameter) significance are used to compute the systematic
uncertainties. A sketch of these shapes is shown in Figure 4.11. It should
be noted that the EWK and QCD backgrounds decrease rapidly above 8
GeV, and the performance of the “ABCD” method is subject to statistical
fluctuations. Therefore, an approximate estimation of the EWK and QCD
backgrounds is adopted, with half of the background attributed to EWK and
the other half to QCD. This approximation is justified as the background
subtraction effects in this region are small, less than 1%.

The technique employed consists of the ROOT function, TFractionFitter,
which estimates the fractions (fi, fo, f3) in the following equation:

So = f1 X S1+ fa x S2+ f3 x 53 (4.15)

where Sy, S1, 59, S3 are known functions.

In this specific case, Sy = Shapegata; S1 = Shapezmumu, S2 = Shapepwk,,,,
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Figure 4.11: Sketch of the shapes in the two-lepton invariant mass myg. In the sketch, dj
significance on the z-axis is defined as |dp/oq,|, where dy is the impact parameter and og, is
the error on the impact parameter. A large buffer region is used to reduce the Z — pu events in
region D. Note that shape A is the blue curve hidden under the Z peak.

Sz = Shapegcp, as illustrated in Figure 4.12. In practice, since the shapes
of EWKj, and QCD are similar (see blue and green areas in Figure 4.13),
changing f, and f3 individually does not change Sy if fo + f3 is kept constant.
To avoid arbitrary combinations of f, and f3 used in Equation 4.15, another
template shape Zmumu+EWKy, is used to replace the separate Zmumu and
EWKj, shapes. Therefore, the final equation becomes:

Sy = f12 X Sto + fg X S5 (416)

where Si9 is S1+ S3. The result is shown in Figure 4.13 for 4 < pr < 5 GeV,
with a comparison to 6 < pr < 7 GeV.

Figure 4.14 illustrates the efficiency scale factor in the 2018 data for one
specific working point, FCLoose (Fixed Cut Loose).
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Figure 4.12: Template shapes of the dimuon invariant mass used for calculating the fractions
of each component, QCD, Zmumu and EWKj,, for 4 < pr < 5 GeV in 2016 data. Their nor-
malization and the relative fractions are extracted via a fit to data using the ROOT function
TFractionFitter.
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Figure 4.13: Template fits of the dimuon invariant mass for probe muon prin the two different
ranges. The QCD template is shown in blue, the EWK background template is shown in green,
and the Z — pyu is shown in white. The x? is also shown on the plot for both the fraction fit and
the exponential fit.
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Figure 4.14: Scale factor and systematic uncertainties for working point F'C'Loose in 2018 data
extended down to 3 GeV.
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Systematic Uncertainties

Systematic uncertainties are evaluated using different methods in different
probe pr regions by varying the cuts as described in Table 4.2:

Definition of systematics Range of variation
Z mass (86 - 96) or (71 - 111) GeV
Tag isolation Maximum variation in all working points
Probe muon identification Loose or Medium
AR, ARy, >0.2o0r AR,, > 0.5
ARW' ARM]‘ > 0.3 or ARM]‘ > 0.5
Background subtraction Using +10 variations of the efficiencies

Table 4.2: Systematic variations for the muon isolation scale factor measurements.

The data distributions for these four regions are shown in Figure 4.15.

Entries 2069
Mear 9.759
Std Dev. 1225

Entries 509
Mean 17.26
Std Dev 17.46

No. of Same Sign muon pairs

No. of Same Sign muon pairs
N
a1
o

l 1 L ! ! ! Lol PR IO AOPRITSs S i P ¥ 50, Y | PO S 5|
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
probe_pt probe_pt

Region B Region D

Entries 940
Mean 2231
Std Dev. 16.33

2200 e e Entries 48172
2000 y
1800
1600
1400
1200
1000
800
600F
4005
200F ]
ot 1 ! ! ! ! ! 1 1 1 ! Lol oA
0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
probe_pt probe_pt

No. of Opposite Sign muon pairs

No. of Opposite Sign muon pairs

Region A Region C

Figure 4.15: The distributions of the probe muon in different |dy/og,|, from 2016 data. The
z-axis is probe muon pp. In each pr bin, for example, 4 < pr < 5, the shapes A-D in Figure 4.11,
can be extracted.

The QCD systematic uncertainty, a component of isol Bkg, in Figure 4.16 is
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computed as:

t. .= — 4.17
syst. unc Xg%%,}%}{‘GB ex|} ( )

where €p, €c, €p are the efficiencies e%aiaw using shape B, shape C and shape

D. These shapes are extracted from the four individual regions in Figure 4.15.
The ratio of numbers in region A to D affects the systematic uncertainties.
For example, at low pr below 8 GeV, the numbers of muon pairs in the four
individual regions are comparable, resulting in a more precise calculation of
the fraction of QCD and smaller systematic uncertainties. However, at high
pr, particularly above 10 GeV, the number of muon pairs in regions C and
D exponentially decreases, while in region A, the number of opposite muon
pairs increases significantly. Because of the low statistics at high pr, the
QCD and EWK contributions are poorly determined and in consequence,
the systematic uncertainties are large and subject to fluctuations.

In the probe muon identification, there are three types of muons: Loose,
Medium, and Tight. Each type has specific track requirements:

Loose:
e The track was used in the vertex fit
e If the track was not used in ANY vertex fit AND |Az,Sin(0)| < 3mm
Medium:
e |do| < 2mm
o |Az)Sin(0)| < 3mm
Tight:
e |dy| < 0.5mm
o |AzSin(0)| < 0.5mm
Here, dy (zp) denotes the transverse (longitudinal) impact parameter.

Tight muons are used in efficiency and scale factor computations, while sys-
tematic uncertainties are based on Loose and Medium muons. However,
there are no Tight muons satisfying 3 GeV < pr < 4 GeV. Therefore, when
extending the probe muons to low momentum, Loose muons are used in-
stead.
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Figure 4.16: Systematic uncertainties budget shown for 2016 data, extended down to probe muon
momentum of 3 GeV. (a) shows large uncertainties from the old method in which QCD and EWK
backgrounds are equally split in all pp ranges. (b) presents the fluctuations of the ABCD method
above 8 GeV, due to low statistics. (c) uses the ABCD method only below 8 GeV. The systematic
uncertainties in the high pr region are slightly different from (a) in (b) and (c) since the QCD to
EWK background ratios are estimated from MC simulations in (b) and (c), while in (a) the QCD
to EWK background ratio is set as 1. However, the difference is small.
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Conclusion

Muon isolation has undergone refinements over many years. We have ex-
tended isolation from above 4 GeV to above 3 GeV for the entire Run-2
dataset. Various methods to implement background subtraction have been
discussed to achieve well-measured systematic uncertainties. The system-
atic uncertainties were reduced by 70% in the low pr region. Isolation back-
grounds, which include EWK and QCD contributions, are no longer the main
sources of systematic uncertainties. Instead, MC and data statistics limit the
precision of the systematics uncertainties. In addition, the “ABCD” method
employed to estimate the QCD background fails at high pr because the frac-
tion of the QCD background at high pp is small, resulting in insufficient
statistics. Currently, an imperfect method is utilized in this region and will
be replaced by the Low—pt method.

The author has also shown that the current pileup energy subtraction method,
where the pileup energy is considered a constant, remains suitable for Run-2.
However, for Run-3 and HL-LHC running, it is important to consider the
pileup energy as a function of pseudorapidity.
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4.5 Jets

The collimated streams of particles produced through the fragmentation and
hadronization of quarks and gluons in particle collisions are called jets, which
are important in the off-shell Higgs analysis. Among the Higgs production
modes, vector boson fusion (VBF) is particularly relevant. The VBF pro-
duction mode is characterized by two energetic forward jets and contributes
over 70% of the total signal sensitivity in the off-shell Higgs analysis. More-
over, three signal regions are defined based on the jet multiplicity. Therefore,
achieving good performance in jet reconstruction, calibration and pileup mit-
igation are essential.

In this section, jet reconstruction and calibration are briefly discussed in
Section 4.5.1 and Section 4.5.2. The pileup mitigation in the forward region,
which is one of the author’s contributions is implemented in the off-shell Higgs
analysis, and is presented in detail in Section 4.5.3.

4.5.1 Reconstruction

Apart from the sliding-window algorithm described in Section 4.3.1, the en-
ergy deposits in calorimeters are merged topologically to reconstruct calorime-
ter clusters. These topo-clusters are utilized to form jets using clustering al-
gorithms, such as kr [111], anti-kr [105] (also discussed in Section 4.4.3), and
Cambridge/Aachen [112], which are implemented in the FastJet [113] pack-
age. For the off-shell Higgs analysis, the anti-kp jet reconstruction algorithm
is adopted due to its superior performance in identifying high-py jets. In
this algorithm, topo-clusters are sequentially combined based on a distance
parameter:

11 Ar,
) R2 Y

dyn, = min( (4.18)

kT,m, kT,n
where kr is the transverse momentum, Ar,, ,, is the distance between clusters
m and n, with y, ¢ the rapidity and azimuthal angle, respectively. The radius
R characterizes the maximum jet cone size, as illustrated in Figure 4.17. A
value of R = 0.4 is chosen to reconstruct jets initiated from gluons or quarks
in the off-shell Higgs analysis.
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Figure 4.17: Jet reconstruction simulation using the anti-kr algorithm. The anti-kr algorithm
naturally produces jets with a circular shape in the y — ¢ plane, where y is rapidity and ¢ is
azimuthal angle around the beam axis. R is the radius of jets. The height in the z direction
represents the transverse momentum of each cell. The procedure of the jet reconstruction using
the anti-kp algorithm is provided in Section 4.4.3 in detail. Figure reproduced from [105].

4.5.2 Calibration

In the off-shell Higgs analysis, the jet energy resolution uncertainty is large.
To improve the energy measurement, calibration has to be implemented to
correct for various effects in ATLAS, such as detector inefficiencies, non-
uniformities, energy losses in inactive material and leakage, energy fluctu-
ations and pile-up contamination. Multiple steps are involved in the jet
calibration [114], which are summarized briefly as follows:

e Pile-up corrections: The energy of the reconstructed jet should sub-
tract those of the underlying or additional pile-up activities from the
same bunch crossing or neighbouring bunch crossing. Identifying pile-up
jets relies on the information on pile-up vertices. However, this informa-
tion is not available in the forward region since the track and vertex are
measured with the ID, which covers only |n| < 2.5. A dedicated pile-
up mitigation in forward regions is implemented in the off-shell Higgs
analysis by the author. For further deatil see the next section 4.5.3.

e Origin corrections: This corrects jet directions to point back to their
original primary vertices from the nominal centre of the ATLAS detector.
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e Absolute jet energy scale calibration: It corrects the energy of jets
by comparing the reconstructed jets with MC-based truth reference jets,
for which energies are known, and applying calibration factors to align
the jet energy scale with the simulated truth reference jets.

e Global sequential calibration: It is performed iteratively to correct
energy non-linearities, leakage, pileup suppression and the jet energy
scale until the calibration factors and corrections are stable (i.e. no
longer change as a further iteration is performed). This calibration can
reduce jet energy fluctuations and improve the differentiation between
quark- and gluon-initiated jets.

e Residual in-situ corrections: This corrects the discrepancies between
MC and data using well-measured reference objects, such as Z/v + jet
or di-jet events.

4.5.3 Pileup Mitigation in the Forward Region

In this section, a brief overview of pileup mitigation methods is given, followed
by a dedicated pileup subtraction technique in the forward region and its
performance evaluation as follows.

Pileup Mitigation Overview

The collisions of proton bunches at the LHC not only involve the hard-
scattering (HS) interactions but also low transverse momentum collisions,
referred to as pileup processes. The average number of collisions per cross-
ing, denoted as i, increases from 25.1 in 2016 to 36.1 in 2018 in [115] and
is expected to reach 140 in the High Luminosity LHC in [116]. Effectively
dealing with the pileup is crucially important.

Pileup can be categorized as in-time and out-of-time pileups. The former
refers to other collisions in the same bunch crossing, while the latter arises
from neighbouring bunch crossings. Another classification of pileup parti-
cles is based on whether they are neutral or charged, as illustrated in Fig-
ure 4.18a. With an applied magnetic field in the ATLAS detector, track
information of the charged particles can be determined, resulting in a higher
precision reconstruction and identification efficiencies than for neutral parti-
cles. Pileup jets can also be categorized as QCD or stochastic jets, as shown
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in Figure 4.18b. Stochastic jets are preferentially produced in low-energy
density regions and studies in [62] have shown that they dominate for jet
energies below 30 GeV. In our analysis, we impose a jet selection criterion of
'ft > 30 GeV and consider only QCD jets with higher transverse momenta.
The general pileup mitigation workflow is given schematically in Figure 4.19,
involving the sequential removal of charged and neutral particles. Several
methods have been developed to suppress neutral particles in the pileup,
such as Soft Killer in [117], and Pileup Mitigation with Machine Learning
(PUMML) in [118].

HSjet QCD jet stochastic jet QCD jet

I
.
\\
Neutral
particles

l)VHS PvPU.l PVPU,Z

PVys PVpy1

(a) Charged vs Neutral pileup (b) QCD vs stochastic jet

Figure 4.18: Different types of pileup (PU). The ellipses represent jets, and the curves or straight
lines depict the tracks of particles. The dots represent primary vertices (PVs) of hard-scattering
(HS) and pileup (PU) jets. In Figure 4.18a, the solid curves represent charged particles, while the
dashed straight lines represent neutral particles. The identification of charged and neutral particles
differs. Figure 4.18b shows the distinction between QCD jets and stochastic jets, both originating
from pileup vertices. Refer to Section 4.2 for the definition of the HS and PU vertices.

PVyg PVpy,1 PVys PVpy 1 PVys PVpy,1

Figure 4.19: General pileup mitigation workflow. In the first stage, charged particles with track
information available from primary vertices of pileup events are subtracted. Subsequently, neutral
pileup particles are removed.

In the ATLAS experiment, various pileup mitigation methods are developed
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and employed on subtracting charge particles, as described in [62]. Among
them, the jet-vertex-tagger (JVT) technique in [119] shows a robust pileup
removal performance based on track and vertex information. However, this
technique can only be applied to jets within the central region (|n| < 2.4),
where track and vertex information is available, as illustrated in Figure 4.20.
Nevertheless, jets in ATLAS are reconstructed and available across the entire
calorimeter coverage (|n| < 4.9). In our analysis, a significant portion of the
VBEF jets fail within the region 2.4 < |n| < 4.9. Therefore, suppressing pileup
jets in such regions is crucial, especially for the H* — ZZ off-shell analysis.
The details are provided in the following section.
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Figure 4.20: Cross-section of the ID. The forward region is defined as |n| > 2.5, while the
remainder is the central region. Track and vertex information exists for |n| < 2.5, while most VBF
jets are in the forward region, where track and vertex information is unavailable.

fJVT Strategy

The forward jet-vertex-tagger (fJVT) technique is based on two variables:
the jet vertex fraction (JVF) or its corrected version corrJVF, and Rpr.

JVF JVF is the total transverse momenta of tracks associated with jets orig-
inating from the hard-scattering vertex divided by the total track transverse
momentum:

87



Chapter 4. Physics Object Reconstruction 4.5. Jets

E trackk PV
WVE = i1 (PVas) (4.19)
X2 pr H(PVaStpua)
Diagrams in Figure 4.21a illustrate examples of the JVF calculation:
a b
JVF (jet,) = apT_ZpT - (4.20a)
Pt + P + Pr
JVF (jety) = — L2 (4.20D)

ps + P+ Py

It should be noted that JVF is dependent on the number of primary vertices.
As shown in Figure 4.21b, JVF of jet; changes as follows:

Py + ph

JVF(jet;) = —
Vg4 (0 PR+ )

(4.21)

When the number of primary vertices increases, the term in the denomina-
tor, enclosed in parentheses, also increases. However, the number of hard-
scattering particles remains the same in the above equation, leading to the
unstable performance of JVF.

ietl ietz

PV PVpy PVpy2 PVys PVoy1
(a) Fewer pileup primary vertices (b) Increased number of pileup primary vertices
Figure 4.21: Jet vertex fraction (JVF) is dependent on the number of primary vertices. The

details are described in the main text.

corrJVF To remove the correlation on the number of primary vertices, a
corrected version is constructed as follows:
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E trackk PV
corrJVF = epr " (PVas) (4.22)
E track; PV Y2 p;ac Z(PVPU,m)
pr (PVas) =
where nﬁgck is the number of pileup tracks, and k is a constant currently set
to k= 0.01.

Rpr:  The variable, Ryr, is constructed as the total transverse momenta pr
of the tracks originating from the hard scattering vertex divided by jet total

pr:

i P (PVs)
RPT - jet
Py
The final JVT discriminant is obtained by combining corrJVF and R,7 using
the k-nearest neighbour (kNN) algorithm [120].

(4.23)

jet

jet
Figure 4.22: QCD pileup jets are mostly produced in pairs.

fJVT: The forward JVT is based on the assumption that most QCD pileup
jets are produced in pairs, as illustrated in Figure 4.22, through QCD mini-
mum bias interactions (see [121] for more details). The transverse momentum
conservation requires the two jets to have opposite directions in the trans-
verse plane. These properties form the key assumption of the fJVT. The
detailed workflow is shown in Figure 4.23.

fJVT performance on VBF jets

The performance of fJVT on the off-shell H* — ZZ VBF jets is presented in
Figure 4.24, with 36% of the VBF pileup jets removed while retaining 98.4%
of the hard-scattering jets.
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Figure 4.23: 3D and 2D transverse plane views of the ATLAS detector system illustrating the
fJVT pileup removal scheme. A QCD jet jet; observed in the forward region (|n| > 2.5) in Fig-
ure 4.23a can not be associated with an HS primary vertex (the red dot) or a PU primary vertex
(the blue dot) due to the track information unavailable in this region. QCD dijets are preferentially
produced in opposite directions in the transverse plane, as shown in Figure 4.23a. If a pileup QCD
jet jetpy is found in Region A, where |A@Regiona, jet,| > m™—1 and Region A is in the central region,
this jetpy is likely paired with jet;, and consequently, jet; in the forward region is identified as a
QCD pileup jet and can be removed.

Although fJVT significantly improves pileup removal, the remaining VBF
pileup jets still exhibit a higher level compared to those in the central region,
where track and vertex information is utilized. Further removal of VBF pileup
jets can be achieved by the High-Granularity Timing Detector (HGTD) [122]
which will be installed as part of the ATLAS detector upgrade for the HL-
LHC. The HGTD, covering 2.4 < |n| < 4.0 and featuring a timing resolution
of 30 ps, can enhance track-to-vertex association in the forward region.
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fJVT performance on VBF Hard-scatter(HS) jets | fJVT performance on VBF Pile-up(PU) jets |
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Figure 4.24: {JVT performance on VBF jets, with 36% of the VBF pileup jets removed (Fig-
ure 4.24b) while retaining 98.4% of the hard-scattering jets (Figure 4.24a) in the forward region
(Thet > 2.5).
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Chapter 5

Measurements of the Off-Shell Higgs
Boson Cross-section and Higgs Total
Width

This chapter presents the off-shell Higgs (220 GeV < my < 2 TeV) analysis
using the full Run-2 dataset. This analysis provides evidence (3.2 o) for off-
shell Higgs boson and yields the Higgs decay width measurement of 4.6 + /-
2.6 MeV. As a key member of this research, the author contributed to solv-
ing many long-standing technical and physics challenges, these include the
parton shower unmatched problem, VBE systematics ranking one-sidedness
in Asimov, the narrow data NLL curve, etc. Additionally, the author sig-
nificantly improved the speed of ranking plotting (reduced from 30 minutes
to 20 seconds) and accelerated Neyman constructions (from several weeks to
Just one day). In recognition of the author’s contributions, he was selected
by the analysis group to present the results to the entire ATLAS collabora-
tion and also delivered presentations at a major conference La Thuile 2023,
where the author recewwed a special student fellowship, and at SM@LHC' at
Fermailab. The paper detailing the research can be found at Phys. Lett. B,
846 (2023).
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Chapter 5. Off-shell Higgs Measurement 5.1. Introduction

5.1 Introduction

The Higgs boson discovery, reported by the ATLAS and CMS [123, 124] at the
LHC in 2012, was a milestone in particle physics. Since then, great effort has
been made to measure its properties and couplings to elementary particles [25,
125], as well as using the Higgs boson as a tool for discovery specifically as
a portal to Beyond the Standard Model physics. A key parameter predicted
by the SM is the Higgs boson width(I'z). Its expected value (I'$M) is 4.1
MeV [51], which is three orders of magnitude smaller than the resolution
of the ATLAS detector (a few GeV). To address this challenge, an indirect
method [126] has been developed to constrain the Higgs width, relying on
both on- and off-shell Higgs production.

The on-shell Higgs cross-section is inversely proportional to its width (as seen
ingg— H— ZZ):

2 2
on-shell Y9902 (5.1)
g9—H—Z7 mHFH ’ :
while the off-shell Higgs production is independent of the Higgs width:
g, Hg%{ZZ
ff-shell
Ogg 27 X ggT- (5.2)
77

Here, g4gr and gpzz are the Higgs-gluon and Higgs-Z boson couplings, re-
spectively. If these couplings are assumed to be equal between on- and off-
shell mass regions, I'y can be measured from the cross-section ratio.

The on-shell Higgs measurement has been conducted previously [127]. This
thesis concentrates on the off-shell Higgs, which contributes O(15%) of the to-
tal Higgs cross-section, enhanced by two resonances around twice the masses
of the Z boson (2my) and the top quark (2m;) from the gluon-gluon fusion
(ggF) mode (Figure 5.1a), as depicted in Figure 5.4. Additionally, this anal-
ysis accounts for vector-boson fusion (VBF) (Figure 5.2a and 5.2b) and VH
production (Figure 5.2¢), collectively referred to as EW production, which
plays a crucial role, particularly in the higher Higgs mass region. The con-
tinuum ZZ events from ¢ in Figure 5.3 are the primary background.
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(a) ggF signal

(b) ggF background

Figure 5.1: Leading-order diagrams for ggF production, including ggF signal and background.
The signal and background diagrams interfere when the final state is identical.

(a) s-channel VBF signal (b) t-channel VBF signal

e K

(c) VH signal (d) VBS background
Figure 5.2: Leading-order diagrams for EW production, including VBF signals (s- and t-channel),

VH signal and vector-boson scattering (VBS) background. The signal and background diagrams
interfere when the final state is identical.

=1
<

q Vv

Figure 5.3: Leading-order diagram for the non-resonant ZZ continuum originating from ¢g via
qQq — 2 7.
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Figure 5.4: Event distributions of the decay channel pp — ZZ — 4¢ from Monte Carlo (MC)
simulation with full Run-2 dataset. The brown curve represents the q¢§ — ZZ process, green for
ggF and orange for EW (VBF+VH). Solid, dotted and dashed curves denote signal, interference,
and background for ggF and EW (VBF+VH) production, respectively.

This thesis reports a search for off-shell Higgs production using the full Run
2 dataset at a centre-of-mass energy of 13 TeV, collected by the ATLAS
detector at the LHC. The final state when a Higgs decays to two Z bosons
which in turn decay includes 4¢ and 2¢2v, where ¢ denotes an electron or a
muon. The 2/2v channel has a six times larger branching ratio compared to
the 4¢ channel but it is subject to larger and complex backgrounds. Both of
these channels are considered in this analysis.

In this chapter, a brief overview of Higgs width measurement methods is
provided in Section 5.2. Section 5.3 describes the data and MC simulation.
Section 5.4 and 5.5 detail the analyses in the 4¢ and 2/2v channels, respec-
tively. The systematic uncertainties, including experimental and theoretical
uncertainties, are presented in Section 5.6. The fit strategies and results are
presented in Section 5.7 and Section 5.8.
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5.2 Overview of Higgs Width Measurement Methods

The Higgs total width can be measured in different methods, depending
on which accelerator, detector and theoretical assumptions are used. Each
method has its advantages and disadvantages. In this section, various meth-
ods are discussed, along with the justification of the method chosen in this
thesis.

e Method 1: From the Mass Distribution: The total width of a particle can
be directly extracted from its mass distribution. However, the expected
Higgs boson total width is only 4.07 MeV, three orders of magnitude
smaller than the detector resolution at the LHC. Even for future ete™
colliders, the energy spread of both initial and final states can smear the
Breit-Wigner resonance distribution. A muon collider, with its poten-
tially small energy spread, may enable the measurement of the Higgs
total width using this method [128].

e Method 2: Measuring the Higgs Lifetime: The expected lifetime of the
Higgs boson is only 1.6 x 10722 seconds. Even if the Higgs boson travels
at the speed of light, the corresponding distance cry = 48fm = 4.8 x
1071 m is still far beyond the current instrumentation limit at ATLAS
or CMS. CMS used this method in 2015 to provide the upper limit of
the Higgs lifetime at colliders [129]. The lifetime of a Higgs boson in its
rest frame can be determined using

At = 2 (Ary - pr), (5.3)
pr

where my is the invariant mass of this Higgs boson (my = myzyz in our
case), and Arp is the displacement vector between the Higgs boson decay
vertex and Higgs boson production vertex in the transverse plane. pr and
pr are the magnitude and direction of the transverse momentum of the
Higgs boson, respectively. Arr and pr are measured in the lab frame,
while At is in the rest frame. The detailed derivation of Equation 5.3
and the transformation of the lab frame and the rest frame are provided
in Appendix A.
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The Higgs decay width can be extracted through
FH = h/TH = h/(At) (54)

Although the Higgs total width is constrained directly, this method can
only give the lower limit of Higgs total width 'y of 3.5 x 107 MeV at
the 95% confidence level due to the limitation of the vertex displacement
measurement. This result is obtained by CMS with an integrated lumi-
nosity of 5.1 fb~! (at a centre-of-mass energy of 7 TeV) and 19.7 fb~!
(at 8 TeV) [129].

e Method 3: From the On-shell Mass Interference: It has been pointed out
that for a Higgs production and Higgs decay mode, the Higgs total width
can be extracted from the cross-section distribution by breaking the
degeneracy of the Higgs coupling and the Higgs total width [130, 131].
This can be achieved via the interference of the Higgs signal and the QCD
background in the on-shell region. Note that, in the on-shell region, the
Higgs signal cross-section always depends on Higgs couplings and Higgs
total width together, as shown in Equation 5.1 for g¢g — H — ZZ or
the generic case pp - H — X,

2 2
o o gproduction X gdecay (55)
Uy

where gproduction and Gdecay are Higgs couplings in the production and
decay channels, respectively. Therefore, in the on-shell region, an in-
dependent measurement of the Higgs couplings and Higgs total width
is not possible in this scenario. Fortunately, the Higgs signal process
pp — H — X is interfering with the continuum background pp — X.
The total amplitude of the signal (S) plus the background (B) plus their
interference (I) can be written as

2
ASHBHL My
pp—X

S+ B 5.6
s—m%{-i-imHFHX + (5:6)

where s denotes the squared center-of-mass energy of the process, S
Gproduction X Gdecay 18 the signal contribution, and B represents the back-
ground contribution. The corresponding cross-section is
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o o [ AT
4 2

= S 2 Re(SB 2—Im(SB B
(s —m2)2 +m3T2, S|+ m2, e ) + mn m( )| + 18]
(5.7)
Since the signal term (]|S|?) and the interference term (SB*) exhibit

distinct dependencies on the Higgs couplings

2 2 2
|S| X gproduction X gdecay

* (5.8)
SB* Gproduction X Ydecay

the degeneracy of Higgs couplings and Higgs total width can be mitigated
through the combination fit of the signal and interference contributions
to the observed data.

The on-shell method requires fewer theoretical BSM assumptions since
the determination of the Higgs total width is under the same energy
scale. However, constraints on the Higgs total width are loose, about
O(10—-100) x 'y, owing to both the detector resolution limitation of the
LHC for the real part of the interference and the significant suppression
of the imaginary part of the interference [132].

o Method 4: On-shell and Off-shell Combination: Another way to break
the degeneracy of the Higgs coupling and the Higgs total width is by
combining the on-shell and off-shell cross-sections. The on-shell cross-
section is proportional to the ratio of Higgs couplings to Higgs total
width (Equation 5.1), while the off-shell cross-section relates only to
Higgs couplings (Equation 5.2). However, this method assumes equal
Higgs couplings between the off-shell and on-shell regions. Note that the
Higgs mass or energy scale is different in these two regions, which might
result in the BSM contribution difference. Therefore, it is essential to
constrain the potential BSM contribution in the meantime. Combining
the on-shell and off-shell Higgs boson cross-sections provides a much
better constraint on the Higgs total width, at O(1) x I'y.

e Method 5: Recoil Mass Method: The recoil mass method is unique to
lepton colliders. In lepton colliders, such as the e™e™ collider, the ini-
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tial energy and momentum of the certain Higgs production process are
well-defined. For example, Figure 5.5 presents the ZH production in
the lepton collider and the hadron collider. In the lepton collider, the
properties of the eTe™ are known precisely. Due to conservation laws,
the energy and momentum of the Higgs boson and the final Z boson are
also known. The cross-section distributions of the Higgs boson and the
Z boson are correlated. Therefore, the properties of the Higgs boson can
be extracted by reconstructing the recoil Z boson system. The Z boson
can be measured precisely, via its leptonic decay to ete™ or putu~ pairs.
However, in hadron colliders, such as LHC and HL-LHC, considering
the momentum fractions of the incoming quarks involved in the process
are not known, the mass recoil method can not be used to measure the
Higgs properties precisely.

(a) Lepton collider (b) Hadron collider

Figure 5.5: Demonstrating that the recoil mass method can only be used in the lepton collider,
showing leading-order diagrams for the Z H production in (a) the lepton collider and (b) the hadron
collider. In the lepton collider, the initial energy and momentum of the ZH production process
are well-defined. The sum of the momenta of the Higgs boson and the final Z boson is zero due to
the conservation law. Hence, even without reconstructing the Higgs boson from the complex decay
final states, its properties can be determined by measuring the recoil Z boson system, particularly
when the Z boson decays leptonically (Z — ete™ /u™ ™), where the reconstruction of the Z boson
is precise. However, this is not the case in the hadron collider, where the initial energy of the ZH
production is undetermined since the momentum fractions (x; and x2) are not precisely known.

The Higgs total width can be measured, for example, by the ratio of
the inclusive ZH cross-section o(ete” — ZH) (measured from the re-
coil mass method) and the H — ZZ* branching ratio BR(H — ZZ*)
(measured from the ZH production and H — ZZ* rate) [133, 134]
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olete” = ZH) o(ete” = ZH) _[o(ee” = ZH)
BR(H — ZZ*)  T(H — ZZ*)/Ty

- T(H — 277 LM <L
(5.9)

assuming the cancellation of the new physics in the last step.

It is important to highlight that to enhance the measurement of the Higgs
total width, researchers often combine all the possible channels. For exam-
ple, in the combined off-shell and on-shell method, both the H — ZZ and
H — WW channels can contribute, as well as the four-top quark analy-
sis [135]. This is due to that in the H — ZZ decay channel, the background
contamination is less but this channel is statistically limited due to the small
branching ratio of the Z boson leptonic decay, while H — WW has a larger
branching ratio but the background is significant as well. Similarly, in the
recoil mass method, not only the H — ZZ* but also H — WW* and H — bb
can provide constraints on the Higgs total width. The combination of all pos-
sible channels is often called the global fit. A single fit or a global fit can
be performed in various frameworks. Two common frameworks used in the
ATLAS are the rk-framework, which is simpler and scales the known Higgs
boson couplings, and the EFT framework, which is comprehensive for de-
scribing potential deviations from the SM but complex. An example is given
in Section 6.2. Both of the two frameworks can be used in extracting the
Higgs total width [133].

In this thesis, given that the recoil mass method is not suited for the LHC,
a hadron collider, and the combined on-shell and off-shell method provides
a much better constraint (O(1) x I'y) compared to the on-shell mass in-
terference method, the mass distribution method, and measuring the Higgs
lifetime, the on-shell and off-shell combination method is chosen in this thesis.
As a complementary check, the potential BSM contribution is constrained,
presented in Chapter 6. The x-framework is adopted in extracting the Higgs
total width in this chapter due to its simplicity, while the EFT framework
is chosen in the BSM analysis since this framework is comprehensive and
popular used in other EFT analyses at ATLAS, facilitating the global EFT
combination.
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5.3 Data and Monte Carlo Simulation

This section presents the Monte Carlo (MC) samples and generators utilized
in modelling the signal, background, and interference processes, as well as the
higher-order theoretical corrections applied to the simulated samples.

Before delving into the details of the MC simulation, it is beneficial to under-
stand each component of an event and the corresponding nomenclature, as
shown in Figure 5.6. Additionally, Figure 5.7 illustrates a particle diagram
of an event.

Figure 5.6: Event schematic of a hadron-hadron collision in an MC generator simulation. The
central red-filled circle indicates the hard scattering, with Bremsstrahlung or parton showers in
blue coils surrounding it. The dark-purple-filled ellipse in the lower part of the figure represents
a secondary hard scattering event or multi-parton interactions. The tiny dark-cyan-filled ellipses
from injected protons show the beam remnants or underlying events. The light-green-filled ellipses
represent the transition process or hadronization from a parton (gluon or quark) to a hadron while
the dark-green-filled circles are hadron decays or hadronic re-scattering. Selecting a parton within
a hadron is described by a parton distribution function (PDF). Soft photon radiation is indicated
by yellow curves. More detail can be found in [136].

Simulations of the processes in this analysis are listed below.

101



Chapter 5. Off-shell Higgs Measurement 5.3. Data and Monte Carlo Simulation

Figure 5.7: Diagram of one pp — H — ZZ — 4{ event, generated using the mcviz package [136].

Simulation and Corrections for the ggF Process

The MC samples for the SM off-shell Higgs signal, background, and the in-
clusive (signal plus background plus their interference) are simulated with
SHERPAV2.2.2 [137] and OpenLoops [137, 138, 139] generators at leading
order (LO), with no more than one additional parton in the final state. The
matrix element is calculated using the NNPDF3.0 PDF set at next-to-next-
to-leading order(NNLO) [140] including up to one parton. The MEPSQNLO
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scheme [141] is adopted to merge the parton shower and hard scattering ma-
trix element. Parton showering and hadronization processes illustrated in
Figure 5.6 are simulated with the SHERPA built-in algorithm. The quantum
chromo-dynamics (QCD) renormalization and factorization energy scales are
set to up = pp = myz/2. More detail is given in Section 5.6.

Name Process Channel DSID MC raw events Cross-section [fb]

ggF SBI g9 — (H* =)ZZ 4/ 345706 16133600 10.091
202y 345723 5711000 10.666

geF Signal g9 — H* = 77 40 345712 9719000 0.5962
202y 345726 3887000 2.8847

geZ7 Background  gg — 77 A0 345709 9718000 10.562
202v 345725 3823000 10.089

Table 5.1: List of ggZZ SHERPA samples. SBI denotes signal plus background plus interference.
DSID is an abbreviation of Data-Set IDentification used as an internal ATLAS identifier.

For energies below 2m;, the 1/m; expansion is used to calculate the ampli-
tude. Above this threshold, a massless-quark approximation is assumed in
the NLO calculation. However, following the suggestion of the LHC Higgs
working group, the corrections from the massive and massless contributions
are assumed to be identical.

The next-to-leading order (NLO) QCD K-factors (defined as the cross-section
ratio of NLO to LO) are calculated as a function of the two Z boson invariant
mass (myyz) separately for signal, background and inclusive processes (signal
plus background plus interference) [142, 143]. These K-factors are shown in
Figure 5.8. They are different for signal and background due to different QCD
NLO correction diagrams involved (Figure 5.9). In addition, the K-factor for
NNLO to NLO is calculated for the signal process [144] and a flat K-factor
of 1.1 for N3LO to NNLO is applied for all gluon-gluon fusion processes. The
latter K-factor is derived from the on-shell Higgs. Applying this K-factor in
the off-shell analysis is important because the Higgs decay width is derived
from the off- and on-shell cross-section ratio.

The total cross-section of the ggF processes, including signal (S), background
(B), and interference (I), can be derived using these three samples, with
appropriate corrections applied, for any ggF signal strength p,.r (defined as
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Figure 5.8: K-factors (NLO/LO) for 5.8a signal (99 - H* — ZZ — 4{), 5.8b background
(99 — ZZ — 4¢) and 5.8c inclusive processes (g9 — (H* —)ZZ — 4/¢) as functions of the two
Z boson invariant mass, mzz. The leading order diagrams are one loop-induced for both signal
and background processes (Figure 5.1). In the next-to-leading QCD correction diagrams, either two
loops or real gluon emissions are involved. However, the corrections differ for signal and background
(Figure 5.9), resulting in different NLO/LO ratios or K-factors.

the ratio of observation to the SM prediction):

0581 (figer) = figgr - 08" + \/TigaF - 07" + 0B (5.10)

O'SM and JEM are provided in Table 5.1, while

equations below:

o™ is extracted from the

ogn = o5 + op + ot (5.11)
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Figure 5.9: Representative NLO diagrams (a) and (b) for g9 — H* — ZZ (signal) and (c),
(d), (e) and (f) for g9 — ZZ (background) processes. The QCD NLO correction diagrams are
different in signal and background. Therefore, the K-factors differ (Figure 5.8). Figure reproduced
from [145].

oSS can be found in Table 5.1 as well.
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Simulation and Corrections for the ¢q¢ — (H* —)ZZ + jj Process

The electroweak (EW) production contributions from ¢q contain the off-shell
signal from VBF production (s-channel and t-channel signals), VH produc-
tion, background EW to ZZjj and the interference among all processes. The
MC generator MADGRAPH5_AMC@NLO [146] is used to model these pro-
cesses at LO QCD accuracy using the NNPDF3.0 NLO PDF set [147]. It
is generally assumed that a PDF one order higher than the matrix elements
(ME) is sufficient to describe the parton distribution. PYTHIA8.244 is used
to simulate hadronization and parton showering (PS). The A14 set is chosen
with tuned parameters for underlying events [148].

Name Process Channel DSID MC raw Events Cross-section [fb]
EW SBIl  qq— (H* =)ZZ + jj 4/ 500372 3155000 1.0653
202y 500378 1569000 4.3076
EW SBI10 ¢ — (H* —=)Z7Z + jj 4/ 500375 3155000 1.4642
(Hofi-shert = 10) 2020 500381 1570000 3.1970
EW SBIO qQq — 27+ 739 4/ 500373 3155000 1.2890
(background only) 202v 500379 1568000 2.6673

Table 5.2: List of VBF and VH MADGRAPH samples. SBI denotes signal plus background plus
interference. DSID is an abbreviation for Data-Set IDentification used internally by ATLAS.

The total cross-section of the EW processes can be derived for any EW signal
strength pupw:

osp1(pEw) = HEw - 05 + /HEw - op - + ot (5.12)

Where O'SM, J%M, and O'ISM are extracted from the equations below:

SM SM SM

OSBI1 = Og + 01 + op

osgro = 10 - o8M + V10 - oP™ + oM (5.13)
SM

OsBI0 — OB

and where ogpri, osgrig, and oggry can be found in Table 5.2.

Simulation of the ¢4 — ZZ QCD Background Process
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The QCD qq — ZZ process, a dominant background in this analysis, is
simulated using SHERPAV2.2.2 with OPENLOOP and the NNPDF3.0 NNLO
PDF set. The matrix element achieves QCD NLO accuracy in 0- and 1-
jet events and QCD LO accuracy in 2- and 3-jet events. The merging of
the ME with PS uses MEPSQNLO [149]. NLO EW corrections to the LO
QCD prediction are calculated as a function of myy for the 4¢ channel [150,
151]. In 202v, the corrections follow from the description [152] by averaging
the sum and product of the NLO EW and NLO QCD contributions. These
two methods in the 4¢ and 2/2v channels are cross-checked and found to
agree with each other within their uncertainties. The uncertainties of both
approaches are similar.

Simulation of Other Background Processes

The W Z diboson events are simulated using a set-up similar to the qq —
7/ 7 samples for leptonic decays of the Z and W bosons with the SHERPA
event generator. The qq(g9) — WW events are generated by POWHEG
Boxv2 [153] and SHERPAV2.2.2, respectively.

The Z+jets background is generated using SHERPAv2.2.1 and ¢t and Wt are
simulated by POWHEG Boxv2 with PyTHIA interfaced and A14 tuned.

The triboson backgrounds WW Z, W ZZ, and ZZ Z are modelled by SHERPAV2.2.2
at NLO QCD accuracy.
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5.4 77 — 4¢ Analysis

This section describes the strategy for analyzing the ZZ — 4/ channel, cov-
ering object and event selection (Section 5.4.1), signal and control region def-
initions (Section 5.4.2) and construction of observables (Section 5.4.3).

5.4.1 Object and Event Selections

The object and event selection for electrons, muons, jets and four-lepton
quadruplets, closely follow those of heavy resonance Higgs boson studies [154]
and are briefly outlined below.

Electron selection:
e Transverse energy Fr > 7 GeV and pseudorapidity |n| < 2.47.

e Loose likelihood quality electrons with at least one hit in the innermost
pixel layer.

e Impact parameter: |z-sind| < 0.5 mm.
e Isolation working point: FixedCutPflowLoose.
Muon selection:
e Transverse momentum pp > 5 GeV and pseudorapidity |n| < 2.5.
e [Loose muons.

e Central region (|n| < 0.1): calo-tagged muons with pr > 15 GeV or
segment-tagged muons.

e Forward region (2.5 < |n| < 2.7): stand-alone muons or silicon-associated
forward muons.

e Impact parameter: |dy| < 1 mm and |2p-sin 0] < 0.5 mm.
e The isolation working point: FixedCutPflowLoose.
Jet selection:

e Anti-kr particle-flow jets with transverse momentum pr > 30 GeV and
pseudorapidity |n| < 4.5.

e Bad-loose identification jets.
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e JVT score > 0.59 (92% pile-up jets rejected) for jets with pr < 60 GeV
and |n| < 2.4.

e fJVT working point rejecting 90% of pile-up jets for jets with pr < 50
GeV and |n| > 2.5.

Four-lepton selection:

e Two opposite-sign, same-flavour di-lepton pairs.

p%?st leading lepton = 20 GeV and p?[‘nd leading lepton =~ 15 GeV and

p?r}rd leading lepton =~ 10 GeV.
e Leading di-lepton pair mass mjs: 50 GeV< myo < 106 GeV.
e Sub-leading di-lepton pair mass mg4: 50 GeV< mgy < 115 GeV.

5.4.2 Signal and Control Regions

To enhance sensitivity in both ggF' and EW production modes, three signal
regions (SRs) are defined. SRs include events with my, > 220 GeV, while
events with 180 < my, < 220 GeV are considered to be control regions (CRs)
which have low signal-to-background ratios. The three SRs are categorized
primarily based on jet multiplicity. The EW SR contains events with two or
more jets and with the first two leading jets well-separated (|n;;| > 4). Events
with one forward region jet (|n;| > 2.2) belong to the mixed SR, introduced
in the study of the author (Appendix C.1 contains further detail). Other
events are included in the ggF SR.

The primary background in ZZ — 4( is qq@ — ZZ events. Their normaliza-
tion is estimated using data in three CRs defined with different jet multiplic-
ities: zero, one, or > 2 jets, for better emulation of SR characteristics. Other
backgrounds, such as gg — ZZ, EW ¢¢ — ZZ, and small backgrounds from
tri-boson, ttZ are evaluated using simulation.

Table 5.3 presents the definitions and selections of the SRs and CRs in the
Z7 — 40 channel. A common selection 220 GeV < myy < 2000 GeV is
applied in SRs, while 180 GeV < my, < 220 GeV is used in CRs.
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Sub-regions Enriched events Selections
ggF SR ggF signals Niets = 0[] (Mjets = 1 && [njet] <
SR 2.2) || (njets > 2 && Any; < 4.0)
Mixed SR ggF, VBF and VH | njes = 1 && |njet] > 2.2
signals
EW SR VBF and VH sig- | njes > 2 && Any > 4.0
nals
CR-I 0 jets
CR | CR-II 9q — 272 1 jet
CR-III > 2 jets

Table 5.3: Signal and control region definitions and selections in the ZZ — 4¢ analysis.

5.4.3 Observables

In the previous study [155] using the partial Run-2 dataset, the analysis
employed the matrix-element-based method. However, this method did not
incorporate information regarding jets, parton showers, and the momentum
of the 4¢ system. In the analysis of the full run-2 dataset, a neural network-
based method is adopted to encompass all available information. This thesis
introduces both of these methods.

Matrix Element Discriminant

In the off-shell regions, signal (ggF, VBF and VH signals) backgrounds ¢ —
Z7 and g9 — ZZ dominate, as shown in Figure 5.4. To differentiate the
ggF signals from other backgrounds, a matrix element based on eight ob-
servables {mys, mz,, myz,, cos by, cos by, cos0* &1, d}, as presented in [156], is
constructed. These observables fully exploit the kinematics of the 4¢ sys-
tem in the centre-of-mass frame. These observables are illustrated in Fig-
ure 5.10.

These eight observables are utilized to reconstruct the energy-momenta 4-
vector of incoming and outgoing particles, subsequently enabling the cal-
culation of matrix elements for various processes, using the MCFM pro-
gram [156].

The matrix element (ME) discriminant is therefore defined as follows (see
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Figure 5.10: Angle definition in the matrix element discriminant calculation. (Refer to the main
text for further description.)

also [156]):

(5.14)

ME
ME disc = logy ( n )

ME,, + ¢- MEy;
where
e MEy: squared matrix element of the ggF signal process.
e ME,,: squared matrix element of the ggF' background process
e ME,;: squared matrix element of the qqZZ background process.

The empirical constant ¢ is chosen to be the approximate ratio of gg —
(H* —=)ZZ to q@ — ZZ, which is 0.1.

The nominal analysis is binned based on the maximum likelihood fit using

the ME-based observable, known as the matrix-element-likelihood approach
(MELA).

The matrix-element method is extensively discussed in Appendix B, including
its drawbacks. For instance, it does not consider information about jets, par-
ton showers, and the momentum of the 4¢ system. Therefore, an alternative
method utilizing a neural network is employed in this analysis.
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Neural-network Based Observable

In the signal regions (SRs), a multi-class neural network is employed to in-
clude information missing in the matrix-element method. The input vari-
ables are presented in 5.4. Two independent neural networks, trained using
Keras [157] with TensorFlow [158] as the backend, are constructed to con-
strain gglF and VBF processes separately. Each neural network distinguishes
three classes: non-interfering (NI) background (¢q¢ — ZZ), the interfering
background (B) (g9 — ZZ for the ggF neural network and qq — ZZ +2j for
the VBF neural network) and the Higgs signal (S) (ggF signal for the ggF
neural network and q¢ — H* — ZZ + 2j for the VBF neural network).

Input Variable Motivation
Matrix elements: MEsignal, Matrix-element information in the rest
e

ME;n;fﬁgirgﬁﬁd, MEqzz framework of the 4/ system

Higgs system: pif Kinematic information of the entire 4/
system

Matrix-element inputs: mye, mz,, Matrix-element information along with

my,, cos by, cos by, cos 0%, Py, detector effects

Jet variables: mj;, ¢;;, Additional di-jet information if avail-
able

Table 5.4: Neural network inputs and their corresponding motivations in the ZZ — 44 analysis.

The final discriminant observable is constructed using the trained scores in
each class (Ps, P, and Pyip) as follows:

Ps
Oxn =lo —_— 5.15
NN €10 <PI T PNI) ( )
The cross-section distributions versus the neural network discriminant are
presented in Figure 5.11. The fit strategy (restricted to the 4¢ channel here)
and systematic uncertainties are discussed in Section 5.7 and Section 5.6,
respectively.
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Figure 5.11: The expected and observed Standard Model distributions in the 4¢ channel for
(a) O in the ggF signal region, (b) O%% in the mixed signal region, and (c) OEY in the EW
(VBF+VH) signal region. The observed data is shown following the fit described in Section 5.8,
except that the fit is carried out only in the 4¢ channel and the off-shell Higgs boson signal is fixed
to the SM expectation. The total systematic uncertainty, including all uncertainties described
in Section 5.6, is shown as the hatched area including correlations between uncertainties. The
expectation includes the inclusive (signal, background and interference) gg — (H* —)ZZ (dark
blue) and q¢ — (H* —)ZZ + 2j (light blue) processes, as well as the backgrounds from QCD
q7 — ZZ production (orange) and other processes (Z-jets, tt, triboson and ttV') (yellow). The
first and last bins include the underflow and overflow, respectively. The lower panel of each plot
presents the ratio of data to expectation (black points) and the total systematic uncertainties
(hatched area), as well as the ratio of no off-shell Higgs or background only to expectation (green
curve).

113



Chapter 5. Off-shell Higgs Measurement 5.5. ZZ — 202v Analysis

5.5 ZZ — 202v Analysis

The 202 channel consists of a pair of leptons (e or p, are considered in this
analysis) and significant missing transverse energy EX (resulting from the
undetectable neutrinos) in the final state. The 2¢2v channel has a six-times
larger branching ratio (prior to event selections) than the 4¢ channel, but
it is accompanied by larger and more complex background contamination.
The object and event selections (Section 5.5.1), signal and control region
definitions (Section 5.5.2) and observable constructions (Section 5.5.3) are
provided below.

5.5.1 Object and Event Selections

The object and event selections for electrons, muons, jets, and missing trans-
verse energy EXs5 closely follow those used in heavy resonance Higgs boson
studies [154] and are briefly outlined below.

Electron Selection:
e Transverse energy Er > 7 GeV and pseudorapidity |n| < 2.47.
e Not from a bad calorimeter cluster.
e Impact parameter: |z-sind| < 0.5 mm.
e Isolation working point: FixedCutPflowLoose.
Muon Selection:
e Transverse momentum pp > 7 GeV and pseudorapidity |n| < 2.5.
e Signal region: Medium muons and py > 20 GeV.
e Impact parameter: |z-sin 6| < 0.5 mm.
e Isolation working point: FixedCutPflowLoose.
Jet Selection:

e Anti-kr particle-flow jets with transverse momentum pr > 30 GeV and
pseudorapidity |n| < 4.5.

e Loose identification.

e JVT score > 0.5 for jets with pp < 60 GeV and |n| < 2.4.
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e fJVT score > 0.4 for jets with pr < 60 GeV and |n| > 2.5.

The ATLAS detector is not capable of detecting neutrinos and therefore, the
missing transverse momentum EX is utilized as a proxy, which is defined
as the negative sum of the pr from the leptons, jets, and associated tracks
from the primary vertex combined [159, 160].

5.5.2 Signal and Control Regions

Similar to the 4¢ analysis, three SRs are designed to enhance sensitivity in
both ggF and EW production modes in 2¢2v, primarily based on jet multiplic-
ity. Further selections are applied to suppress various backgrounds. Events
containing a third lepton require the maximum transverse momentum of that
lepton to be 7 GeV to suppress the W Z background. The dilepton invariant
mass is between 76 GeV and 106 GeV to reduce the non-resonant ¢¢ back-
ground from single-top processes, qg — WW or tt events.

The dominant background in 202v is q¢ — ZZ events. The transfer factors
(from CRs to SRs), including shape and normalization effects, are estimated
from the ZZ — 4/ analysis. The estimation of the W Z background in the
SRs employs a dedicated WZ CR (also referred to as the 3¢ CR), where the
purity of the W Z events is more than 90%. The major difference between SRs
and the 3¢ CR is that in the 3¢ CR, the third lepton must have a minimum
pr of 20 GeV. The non-resonant ¢/ background from single-top, g¢g — WW
processes, or tt is estimated from the ey CR, where an opposite-sign ey is
required to differentiate from SRs. Backgrounds from Z+jets, tri-boson, and
ttV production are estimated from MC simulations.

Table 5.5 shows the highlighted definitions and selections of SRs and CRs in
the ZZ — 202 analysis, with common selections: 76 GeV < my < 106 GeV
and E&”iss > 120 GeV.
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Sub-regions | Enriched events Selections

geF SR ggF signals Niets = 0[] (Njets = 1 && |Mjet| < 2.2)
SR || (njets > 2 && Any; < 4.0)

Mixed SR ggF, VBF and VH sig- | njeis = 1 && |njer| > 2.2

nals

EW SR VBF and VH signals | njes > 2 && An; > 4.0

Z CR Z+jets 3rd lepton veto, b-jet veto, ARy, < 1.8,
CR | euCR WW,tt Ad(jetpr > 100GeV, EFss) > 0.4,

3¢ CR ZW A¢(Z, ERiss) > 2.5, EMss_sig > 9

Table 5.5: Signal and control region definitions and selections in the ZZ — 2¢2v analysis. Refer
to the main text for details.

5.5.3 Observables

The transverse mass, mr, is utilized as the discriminant variable, constructed
from the di-lepton system and EZ755:

2 - 9
m} = [\/ m + L+ \fmd ¢ \EZF“SP] o R il B CATH

Here, my is the PDG [161] Z boson mass.

The cross-section distributions versus the neural network discriminant are
presented in Figure 5.12. The fit strategy, restricted to the 2/2v channel
here, and systematics are described in Section 5.7 and Section 5.6, respec-
tively.
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Figure 5.12: The expected and observed Standard Model m%z distributions in the 202y channel
for (a) the ggF SR, (b) the mixed SR, and (c) the EW SR. The data is shown after the simultaneous
fit described in Section 5.8, except that the fit is carried out only in the 2/2v channel and the off-
shell Higgs signal is fixed to the SM expectation. The hatched area shows the total systematic
uncertainty, including all uncertainties described in Section 5.6 and including correlations between
uncertainties. The expectation includes the inclusive (signal, background and interference) gg —
(H* —)ZZ (dark blue) and EW ¢¢ — (H* —)ZZ + 2j (light blue) production, as well as the
backgrounds from QCD ¢g — ZZ production (orange), W Z (pink), non-resonant £¢ (dark green),
Z+jets (light green), and other (triboson and ¢tV) (yellow) processes. The last bins include the
overflow. The lower panel presents the ratio of data to expectation (black points) and the total
systematic uncertainty (hatched area), as well as the ratio of no off-shell Higgs or background only
to the expectation (green curve).
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5.6 Systematic Uncertainties

Systematic uncertainties in both channels can be categorized into theoretical
uncertainties (Section 5.6.1) from the theoretical description and experimen-
tal uncertainties (Section 5.6.2) from the detector and luminosity measure-
ment.

Theoretical uncertainties primarily dominate the total uncertainties, while
the experimental uncertainties generally remain small. Section 5.7.3 describes
methods utilized to calculate the systematic uncertainties, and Section 5.8
provides the systematic uncertainty impact.

5.6.1 Theoretical Uncertainties

Theoretical uncertainties arise from several sources, including the missing
higher-order corrections in both QCD and EW perturbative calculations,
the choice of parton distribution functions (PDFs), and the parton shower
modelling, along with their relation to the hard matrix element.

To evaluate the theoretical uncertainties, the total cross-section of the pp
collision shown in Figure 5.13 can be expressed as:

Ototal = Z/dl'lfi/p(xl; ,U%v) / defj/p(x% ﬂ%)(}’i:.i(‘éa /Ui?: /L%> (5 17)
1,7 :

S = x1798

Here 1 (x2) denotes the momentum fraction of the parent hadron P; (Ps)
carried by the parton, s represents the centre-of-mass energy squared of the

Py P2

Figure 5.13: A proton-proton collision. The variable x; (x2) represents the momentum fraction
of the parent hadron (or proton in this analysis) Py (P2) carried by the parton.
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particle collision, and pur and pgr are the energy scales of factorization and
renormalization, respectively, which in this analysis are set to half of the two
Z boson pair invariant mass, pup = g = mzz/2, where:

e Factorization: Factorization is a process to separate the perturba-
tive and non-perturbative effects by expressing the total cross-section as
a convolution or factorization of a hard-scattering coefficient function,
which describes the short-distance effects, and a parton distribution
function, which describes the long-distance effects, as shown in Equa-
tion 5.17 and Figure 5.13.

e Renormalization: In quantum field theory, interactions between par-
ticles are described by virtual particles that can have arbitrarily high
energies, leading to divergent calculations of certain physical quantities.
Renormalization is a powerful tool to address this issue by introducing
counterterms to cancel out the divergence of the calculation. In this
procedure, the renormalization energy scale is a crucial parameter to
determine the strength of the interactions between particles and their
associated virtual particles.

Systematic uncertainties due to the missing higher-order EW and
QCD corrections.

The hard-scattering cross-section (in red in Equation 5.17) is perturbative
and can be written as:

~__ _Hard __ _LO NLO only NLO only NLO only
0ij = Ototal =0 T 0gcp T Opw + OpW.QCD mixed + 770 (5.18)

Taking the qq¢ — ZZ process as an example, from the representative leading-
order (LO) diagram in Figure 5.14 and the representative diagrams for the
NLO EW correction in Figure 5.15 from [163], it can be shown that:

NLO onl NLO onl
o0 x o, oocn X asat,  opw MY oca’

NLO only 4
OEW-QCD mixed X VO X Qg

(5.19)

119



Chapter 5. Off-shell Higgs Measurement 5.6. Systematic Uncertainties
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Figure 5.14: Representative leading-order (LO) diagram in the q§ — ZZ — 4/ process.
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Figure 5.15: EW higher-order correction diagrams in the ¢¢ — ZZ — 4/ process, including (a)
virtual and (b) real EW higher-order corrections. Figure reproduced from [162].

where a = agy = 1/128 = 1% and the strong coupling constant ag =
0.118 = 10%. This is particularly useful for order estimation.

To verify the estimation, Figure 5.16 provides the exact NLO EW correc-
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tions in this analysis as a function of my,. The overall correction is about
one per cent of the nominal cross-section. The EW higher-order correction
is proportional to « - a® or 107* - ¢™°. Consequently, the systematic uncer-
tainty associated with the EW higher-order correction is tiny and can be

neglected.
1.050 4 = qqZZ EW NLO/LO ratio
1.025 4 \/\
E 1.000

o
= 0,975
=

=! 0.9501
z
0.925 4

0.900 -

T r r r r
100 200 300 400 500
my, [GeV]

Figure 5.16: EW next-to-leading order corrections in q¢ — ZZ as a function of myy.

The uncertainties due to the QCD NLO corrections are evaluated by varying
the factorization and renormalization scales for both by a factor of two up
and down, as shown in Figure 5.17. The envelope is chosen as the overall
systematic uncertainty in each case. More detail about the gg — ZZ scale
uncertainties can be found at [164]. It should be noted that the systematic
uncertainties from QCD NLO corrections are one of the largest uncertain-
ties.

The NLO correction from the EW-QCD mixed term, unfortunately, is not
available yet. However, given that the term is proportional to /a X aga* =
0.03 a*, the uncertainty associated with this correction is not negligible and
is approximated as the product of the QCD and EW corrections. It ranks in
the top five largest systematic uncertainties.
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Figure 5.17: The ratios of the cross-section from varying the factorization and renormalization
scales by a factor of two to the nominal cross-section, in (a) ¢q¢ — ZZ, (b) g9 — ZZ and (c) one
EFT Otp (Higgs-top modifier) and SM interference sample, as a function of the matrix-element
discriminant. The envelope is chosen as the overall QCD NLO systematic uncertainty.
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Systematic uncertainties due to the parton distribution functions
(PDFs)

The parton distribution functions (PDFs) f;/, and f;/, in Equation 5.17 de-
scribe the probability distribution of the momentum and energy of the par-
tons (quarks and gluons) inside a proton or other hadron. These PDFs are
determined from fits to experimental data. In this analysis, proper PDF's
have been adopted for different processes. Figure 5.18 from [165] shows the
evolution of different PDFs using different heavy-quark schemes, selection of
data, and methodologies.

1 HERA Tevatron E LHC Run 1 (30 fb-1) E LHC Run 2 (150 fb-1) E Run 3 + HL-LHC

1991} 1994 2002 2004 2008 2009 2010 | 2012 2013 2014 1 2015 2017 2020 2021
| CTEQ1 | | CTEQ6 | ‘ CTEQ6.6 ‘ | CT10 |: CT10 : CT14
| MRS | ‘ MRST02 u MRSTO04 ” MSTWO08 ‘ MMHT14 MSHT20 :
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¥ '

ABKM09 E ABM11 ABM12 E ABMP16
E Collider only ATLASpdf21

Color Codes:

13 TeV data

| NNLO | ‘T&BTeVdala

Figure 5.18: Evolution of different parton distribution function (PDF) schemes. Figure repro-
duced from [165].

For example, the NNPDF3.0 NNLO is used for the EFT samples considering
that the EFT diagrams are at the NLO. Therefore, the NNLO PDF (one
order higher than the hard matrix element) is appropriate. In the official
NNPDF3.0 NNLO, there are 100 MC replicas of the nominal one. The 100
replicas sample the PDF probability distribution. The region with more
replicas is where PDF's have a larger probability, and with fewer replicas,
PDFs have a lower probability. The replicas are nothing more than a Monte
Carlo representation. The principal component analysis (PCA) method or
the Hessian method [166] is implemented to estimate the uncertainties by
considering the eigenvectors of the PDF replica matrix. The variations to
the nominal cross-section for the EFT OtpSM sample have been given in
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Figure 5.19.
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Figure 5.19: Illustration of the principal component analysis (PCA) method used in evaluating
the PDF uncertainties. The grey curves represent ratios of the cross-section using each PDF
replica to the nominal PDF. The blue and pink curves are derived from the PCA method and are
symmetrized.

Systematic uncertainties due to the parton shower modelling

The signal regions and control regions in this analysis are designed based on
jet multiplicity in both the ZZ — 4/ channel 5.4 and ZZ — 2/2v channel 5.5.
Jet multiplicity is particularly sensitive to modelling hard matrix elements,
parton showers (PS), and their merging and matching with each other. There-
fore, the PS modelling-related uncertainties play a crucial role in this research.
In processes generated by SHERPA, such as ¢q¢ — ZZ and g9 — ZZ, the PS
uncertainties are estimated by varying the quark resummation (QSF) energy
scale and matching/merging energy scales. Their variations are depicted in
Figure 5.20 and Figure 5.21.

This research has been reported at La Thuile 2023 and SMQLHC 2023 con-
ferences by the author (many theorists also attended these conferences), with
a particular emphasis on the parton shower uncertainties. To improve this
analysis, theorists can help to refine the parton shower matching/merging
and resummation descriptions. From our experimental perspective, 50 mil-
lion events need to be generated to evaluate the parton shower uncertainties
due to low statistics in the high-energy region. The author was responsible
for the parton shower uncertainties and played an important role in making
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Ratio to Nominal

Ratio to Nominal

Figure 5.20: Variations due to the quark-gluon resummation energy scales in (a) the ¢¢ — ZZ
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5.6. Systematic Uncertainties

process, and (b) the gg — ZZ process.

the event generation faster by parallel programming and grid submission.
Usually, 50 million events on all samples used in this research take several
weeks to generate, but now it only takes three days. In this research, the
parton shower fluctuations and uncertainties are significantly reduced with
many more events generated in a timely fashion by the author.
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Figure 5.21: Variations due to the parton shower and matrix element matching energy scales in
(a) the gq¢ — ZZ process and (b) the gg — ZZ process. The nominal energy scale is set to 20 GeV,
while the energy scales are varied to 30 GeV and 15 GeV, respectively.
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5.6.2 Experimental Uncertainties

The experimental systematic uncertainties are generally smaller than the the-
oretical uncertainties, except for the jet-related measurements. The main
jet uncertainties are from the jet energy scale (JES) and resolution mea-
surements, which correspond to approximately 10% in the EW (and VBF)
signal regions. It should be noted that the EW (and VBF) signal regions
contribute 70% of the total signal sensitivity. The jet energy responses to
different hadron flavour composition jets also lead to an important exper-
imental uncertainty. Therefore, improving jet-related measurements in the
future can make a visible improvement in this analysis. The uncertainties
from electron, muon and the transverse missing energy reconstruction are
less important. The Run-2 luminosity is primarily measured using the new
LUCID (LUminosity Cherenkov Integrating Detector) [167], and the corre-
sponding uncertainty is 1.7% [115].
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5.7 Statistical Analysis

This section discusses the statistical framework utilized to interpret the ob-
served results in certain models, such as the SM or SMEFT model. It closely
follows the recipe of the profile likelihood technique [168]. The analysis en-
compasses two distinct situations, each requiring separate attention. The first
situation involves the discovery of a new process, where a null hypothesis, de-
noted as Hy, represents the background and is tested against the background
plus signal hypothesis, denoted as H;. The second situation involves setting
limits, where the signal plus background hypothesis is treated as Hy and
tested against the background-only hypothesis, denoted as H;.

In particle physics, for convenience, it is useful to define the ratio of the prod-
uct of the observed cross-section and branching ratio to the SM prediction,
called the signal strength:

(0’ X BR)Observed

f i~ f
/) — 5.20

where i (f) represents the production (decay) mode of the relevant chan-
nels.

A widely used procedure to fit the signal strength or the coefficients in
SMEFT to data is using likelihood as the test statistic. In this analysis,
the strategy of the binned histogram of the observables, i.e., the neural
network-based discriminant in 4¢ and the transverse mass m#? in 202v, is
adopted.

The likelihood ratio is constructed as the product of the Poisson probabilities
over all bins:

N
. b n;
L(p,0) = H Mef(u%%j) (5.21)

n;!
bin j=1 J

where p is the signal strength to fit, n; is the observed number of events
in the j-th bin, and s; and b; are the expected numbers of events from
signal and background, respectively. They depend on @, which represents
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the parameters, such as the systematic uncertainties, that characterize the
shapes of the probability density functions:

Sj = Stot fs(z; 05)dz,

binJ (5.22)
bj = biot Jo(; 0y)d,
bin j
and the expectation value of n; is
E[nj] = usj + bj (523)

To test the p value in a hypothesis, the profile likelihood ratio is consid-
ered,

A(p) = (5.24)

Here, L reaches the maximum at 8 = 0 for a given .

From the definitions of the likelihood in Equation 5.21 and the profiled like-
lihood ratio in Equation 5.24, it is convenient to construct the statistic:

t,=—21In A(p) (5.25)

as the statistical test basis.

The full recipe of the statistical calculation procedure is integrated into the
dedicated tool RooFit in ROOT and can automatically calculate all the nec-
essary formulae. However, this automation may not be helpful for under-
standing and studying the properties of the statistical test. It should be
noted that the ability to estimate the fit regarding the systematics is particu-
larly important, especially when dealing with difficult problems see pages 146
and 148.

Here is an example of the statistical test calculation and analysis in the
EFT study. In this example, only the Higgs-top dimension-six operator with
the SM interference term (OtpSM) is considered and the quadratic term
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is ignored. The parameter of interest is u = ctp, the Higgs-top coupling
modifier. The number of signal s;, background b; (considering only major
SM backgrounds ) and the number of events n; observed can be expressed
as:

p= ctp

Sj = NOtpSM (5 26)

bj = Nggzz + Nqzz

data

§7% (= ny for simplicity)

n;=mn
the subscript j is ignored in s; and b; for simplicity.

The negative log-likelihood function can then be derived as follows (ignore the
subtraction of the component L-maximum mentioned in the denominator of
Equation 5.24 as this does not change the essential properties we will discuss
later):

N
. b )"
bin j=1 n;!

s
— _9n H (Ctp X notpSM + nggZZ + nqqZZ) ! e—(ctpantp3M+nggzz+nqqzz)

n;!
all bins J
(5.27)
and we have
ONLL ONLL Ob,
anggzz N 8bj 8nggzz
ONLL ONLL 0b, (5:28)
Onqqzz Obj  Ongqzz
From Equation 5.26, it follows that
ob; ob;
=1 —-=1 (5.29)
8nggZZ anqqZZ

Therefore, it is easy to show that
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ONLL ONLL
Ongezz,  Ongqzz

(5.30)

The total derivative of NLL is

8NLLA N 8NLLA n ONLL
n n
Ngo77, B2 Ngqz7 1942 8(Ctp X NOtpSM

ANLIL = )A(ctp X NOtpSM)

(5.31)

In the analysis, it is often useful to rewrite the NLL as a function of relative
variations of each component, especially for the backgrounds, i.e., Angez7/Ngerz,

A”qqZZ/ Nqqz7-

ONLL Angyyz ONLL Anggzz
Ngo77

ANLL = NqqZ7

anggZZ nggZZ anqqZZ nqqZZ

ONLL
J(ctp X nowpsm

(5.32)

) A(ctp X nogpsm)

From the first and second terms on the right-hand side of Equation 5.32, it
is easy to obtain the first property:

Property 1: Systematic uncertainties for different background components
are proportional to the number of events of each component if the variations
(An/n) are the same.

An example of the systematic uncertainty comparison for backgrounds arising
from qq¢ — ZZ and g9 — ZZ is given in Figure 5.22. Although the variation
of systematic uncertainty in high-order QCD correction for ¢4 — ZZ is only
6% of its own nominal value, which is much smaller than the 20% to 30%
variation from the QSF parton shower uncertainty in background gg — ZZ,
the values of these two systematic uncertainties are close to each other. This
is because the number of events in gq¢ — ZZ is five times larger than that in
g9 — 4 7.
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Figure 5.22: Demonstration of Property 1: Systematic uncertainties for different background
components are proportional to the number of events arising from that component. (a) shows event
ratios of q¢ — ZZ to gg — ZZ backgrounds to be approximately 5. (b) depicts the ratios of up and
down variations due to higher-order QCD corrections (HOQCD _syst_qqZZ) in ¢§ — ZZ background
and QSF parton shower (H4l_Shower UEPS_Sherpa_ggHM_QSF) in gg — ZZ background to the
number of events arising from that component. (c) presents the similar systematic uncertainties of
HOQCD _syst_qqZZ and H4l_Shower UEPS_Sherpa_ggHM_QSF on the signal coefficient.
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It is also useful to study the properties of the NLL for the signal.
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Figure 5.23: Demonstration of Property 2: The relative variation of the number of events due
to a systematic uncertainty in signal (b) equals the relative variation of the signal parameter (c).
EFToperator PDF_MUF_MUR represents the uncertainty from HO QCD corrections.
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Considering the NLL curve for the specific signal case, e.g. —2In(\) = 4, for
OtpSM in Figure 5.23a, we have:

ANLL =0 (5.33)

then from Equation 5.32,

A(Ctp X nOtpSM) =0 (5.34)

After expansion, we get

ACtp _ _ATLQtpSM

(5.35)
ctp NOtpSM

This is a particularly important feature for the signal systematic uncer-
tainty:

Property 2: The relative variation of the number of events due to a
signal systematic uncertainty is equal to the relative variation of the signal
parameter. An example is given in Figure 5.23 where the relative variation
(30%) of one systematic uncertainty from renormalization and factorization
energy scales in Figure 5.23b is the same as its relative systematic uncertainty
(about 30%) in Figure 5.23c.

Furthermore, from Equation 5.32, it is not difficult to obtain that for any
bin,

ONLL

Ongqzz. + Ngez7
ONLL

0|notpsm|

<0

(5.36)

This means that the NLL is monotonically decreasing (increasing) with the
number of events of the backgrounds (signal). In other words:

Property 3: The NLL is determined by the bins with a large signal-to-
background ratio.
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With the three properties of NLL, it is easy to estimate the systematic un-
certainties directly from the variations, to determine which one is important
and how important it is and consequently, whether there is a problem in the
systematics ranking plot. More details about the systematics ranking method
are provided in Section 5.7.3.

5.7.1 Asymptotic Limit and Neyman Construction

After understanding the properties of the NLL, the NLL fit to data is required
for the analysis. In practice, two fit strategies are commonly used. One is
the asymptotic method and the other is the Neyman construction or Monte
Carlo toy method.

From Equation (8) and (9) in [169], the statistic constructed in Equation 5.25
can be explicitly written as:

A~

—2In \(p) = (= )" + O(1/VN) (5.37)

o2
Here, N represents the number of data sets.

The major difference between these two fit strategies is that in the asymptotic
method, the O(1/y/N) term is ignored while in the Neyman construction,
that term is fully considered. It should be noted that in this analysis, the fit is
not within the asymptotic limit due to a small number of events. More details
are given later. Table 5.6 shows the properties of the two methods.

There are several steps in the general procedure of the Neyman construction
method (more details can be found in [170].):

1. Construct the likelihood function £(u, ).

2. Fit L£(u, 0) to the observed data and obtain the systematics or nuisance
parameters.

3. Generate MC toys as fake data at different p’s based on the profiled
likelihood function with the systematics parameters obtained before.

4. Fit L(u,0) to the fake data and calculate the NLL for all MC toys at
each p. This step is computationally expensive.

5. Calculate the 10 and 20 values based on the set of the NLLs for each p.
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Characteristics

Asymptotic method

Neyman construction
or Monte Carlo toys

Time required

Relation to the
real data

The confidence
level curve

Only takes a few minutes to fit
the best-fit value or less than one
hour for an NLL curve

Only fits and provides the best
result based on the real data

The toy distribution in the
asymptotic case will be half-chi-
squared so 1-sigma and 2-sigma
lines will be flat at NLL = 1 and
4, respectively

Usually takes two weeks or one
month to run and is computa-
tionally expensive to check. See
how to finish the toys in one day
in the main text.

Uses random toys (fake data)
to mimic the real data fluctu-
ations and fit the region that
the asymptotic method cannot
reach.

Usually, the 1-sigma and 2-
sigma curves are not straight
lines but will be close to the
asymptotic results if the scan
value of the point of interest is

getting bigger

Table 5.6: Comparison of characteristics of two different fit methods, the asymptotic method and
Neyman construction (or Monte Carlo toys).

6. Connect the 1o and 20 points for all us and form the final 1o and 20
confidence level curves.

The number of MC toys generated has a significant impact on the perfor-
mance of the confidence level quality as well as the time consumed. Fig-
ure 5.24 shows the confidence level curve qualities when 100, 1k, and 10k
MC toys are generated for each us. Figure 5.25 shows the CPU usage of a
typical Neyman construction with 10k MC toy generated and fit. Generally,
the usage is about half of all ATLAS users’ usage.

Given that the asymptotic fit takes a few minutes, this strategy is often used
during the daily analysis but we use the Neyman construction to verify the
asymptotic method and provide the final results and the confidence levels in
publication.

As the Neyman construction usually takes from two weeks to one month to
finish, it is important to find ways to reduce the run time. The author did
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Figure 5.24: Negative log-likelihood 1o and 20 bands in the Neyman construction method,
simulated with (a) 100 toys, (b) 1000 toys and (c) 10,000 toys, for each pofshen. In total, 50
Lofi-shell Values are simulated in the range 0 < pomshen < 5. The yellow band and blue band

represent 1o and 20, confidence levels respectively.

this and found a way to create a relevant number of toys in one day and hence
reduce the analysis time and improve the reliability with additional checks. A
tutorial written by the author with more details has been provided [171].

Estimation of when to use the asymptotic method and when to use
the Neyman construction

It is particularly important to be able to estimate when to use the asymp-
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Figure 5.25: Global share of ATLAS grid CPU resources in different categories. The Neyman
construction method (Toys) consumption in the off-shell Higgs analysis is more than half of that
of all ATLAS users.

totic method and when to use the Neyman construction method. A direct
answer, mathematically, can be obtained by inspection of Equation 5.37. The
asymptotic method is invalid when the number of events, IV, is very small,

or O(1/v/N) is comparable to the confidence level.

An example has been explicitly given for this analysis in Figure 5.26. It
should be noted again that in the asymptotic method, the 1o and 20 confi-
dence levels are straight horizontal lines at NLL=1 and NLL=4, respectively.
In the Neyman construction method, usually, they are not, as shown in Fig-
ure 5.26. Except for Ryy, others, i.e., flognar, I/TM, R,,, are lower near
zero and then increase and finally approach the asymptotic limit. Can we
claim that the results from the asymptotic method are closer to the Neyman
construction method when the parameter of interest (POI) is larger? No.
Ryy is an exception. The reason is that the yields in pogshen, I'/ M and
Ry, are increasing when the POIs are getting larger at the tail. However,
for Ryy, the yield is lower when Ryy is larger at the tail. For example, the
expected number of events in the most sensitive bin is 1.86 at Ry = 4 while
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at Ryy = 5, the yield is 1.65. Therefore, the only criterion for the validity of
the asymptotic method is the number of events.

Likelihood Ratio
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Figure 5.26: Profiled negative log-likelihood confidence level bands for (a) fogshen, (b) T'/TSM,
(c) Rgg and (d) Ryy. The yellow and blue bands represent the lo and 20 confidence levels,
respectively. In each plot, 500k toys are simulated in total. In other words, the parameters of
interest are divided into 50 bins, with 10k toys simulated in each bin.

Neyman construction: true or injected i at the MC toy generation
step and the y fitted

The relation between the true or injected p at the MC toy generation step and
the p from the fit must be investigated to understand and check the results,
as shown in Figure 5.27d. The yields or the number of events in the most
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sensitive bins for signal plus background plus interference from gg — ZZ and
VBF that we will refer to as “combined yield” or “combined events” is given
as a function of foftshell (UegF = HVBF = fofishenl) i Figure 5.27a. These two
figures should be read together.

For example, if the true i.e. injected p is three, the number of combined
events is about 22, as shown in Figure 5.27a. There is another value of pu
near zero that corresponds to the same combined yield. Therefore, in the
measurement, for one true pu, there are two measured ofghen Or two peaks,
as shown in the density plot 5.27d: one is around three and the other is
around zero. This is one of the main results of this analysis, i.e. that for
most values of finjected (OF true ) there are two solutions for imeasured-

5.7.2 Pulls

This section describes a valuable concept frequently employed in statistics
and in high-energy physics analyses, the pull distribution that we will ab-
breviate to “pull”. The pull is used to assess the fit quality, such as its
convergence.

In the presence of systematics, the likelihood ratio in Equation 5.21 is ex-
pressed as:

N

L(1,0) = L(m.m,x) = |] (”Sjg,b st T ey () (5.38)
bin j=1 XEX

Here, 1 represents a set of free parameters. x is a set of constrained pa-

rameters or systematics, which are established by auxiliary measurements.

Nuisance parameters comprise both free and constrained parameters, i.e.,

0 = 1+ x. The function ¢, corresponds to the auxiliary measurement for

systematics.

In most high-energy physics analyses, it is common to encounter fits involving
a large number of systematics, encompassing both theoretical and experimen-
tal uncertainties. Consequently, evaluating the fit quality is essential. The
“pull” method is employed for this purpose and it is defined as [172]:
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Figure 5.27: Figure 5.27a shows the ggF+VBF event yield (signal plus background plus their
interference) as a function of signal strength fiof.sheni. The number of events reaches its minimum
at p = 0.86. When the number of events is between 10 and 24, there are two corresponding values
of p. Figure 5.27b shows a toy distribution of the true i.e., injected p and the measured p in the
MC toys i.e. the Neyman construction method. 10k toys are simulated for each true pu. A cut of
1800 toys on the z-axis is applied in Figure 5.27c to show the toy distribution clearly for larger p.
Figure 5.27d is the 2D density plot of Figure 5.27¢, with the same cut (1800 toys) applied. It is
clear to see that one true p corresponds to two measured values of y if the true p is approximately
larger than 0.8.
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9=— (5.39)

Here, © and o represent the mean and standard deviation, respectively,
in the Gaussian distribution that x follows. Because of the properties of

the Gaussian distribution, the pull g will follow a Gaussian distribution as
well [172].

A detailed explanation of the pulls is beneficial. However, the existing lit-
erature [172, 173, 174] tends to be either overly intricate or overly general.
To address this, the author created a simple yet robust example or tutorial
in [175] that helps elucidate the properties of the pull.

Figure 5.36 illustrates the pulls of the systematics and parameters of interest
in the combined 4/ and 2/2v analyses. The z-axis represents the systemat-
ics and parameters of interest, while the y-axis displays the fitted p and o
values.

5.7.3 Systematic Uncertainty Evaluation Methods

In this section, we consider the advantages and disadvantages of the classical
systematics ranking method and the 20 crossing systematics ranking method

Classical Ranking Method

The classical ranking plot, e.g., Figure 5.28, is commonly used to identify the
relative importance of each systematic uncertainty to the final result. It is
particularly important to understand each component included in this type
of plot before understanding its relationship to the negative log-likelihood
scan.

In the classical ranking plot:

e The upper x-axis in blue: The x-axis is Au/pu, where Ap means
the change in the best-fit ;4 by varying one systematic uncertainty by
1 o calculated from the initial best-fit pull result. See further detail
below. The p in the denominator is also the best-fit ppesifit or p for
convenience. The numbers in blue on both sides are values of Au/pu
for the corresponding systematic uncertainties. In the histogram, the
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Figure 5.28: Systematic uncertainty ranking in the 202y channel for observed data. The upper
x-axis in blue represents the relative change in the best-fit signal strength. The lower x-axis in
black denotes the pull results. The y-axis is the ranking of systematic uncertainties in descending
order. Only the top fifteen systematics are shown. See further discussion in the main text.

solid (hollow) blue rectangles are post-fit results by varying systematic
uncertainties as +1 (-1) o. The red histograms are pre-fit.

e The lower x-axis in black: The lower x-axis represents the pull results.
The pull definition and use may be found in Section 5.7.2 in detail.

e The y-axis: The labels in the y-axis are systematic uncertainties in de-
scending order. Only the top fifteen systematic uncertainties are shown.

There are three steps to calculate the classical ranking in detail:

e Step 1: fit the signal strength p while floating all nuisance parame-
ters (including systematic uncertainties) to calculate the initial best-fit
u{)f;é?ét and the best-fit value of each systematic uncertainty np and its

. . np np
associated sigma o7 or o_.

e Step 2: fix one systematic uncertainty in question to rip+ o] and then

fit the signal strength, the parameter of interest (POI), p again and get
npto
Hhest-fit -
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initial initial

npxo
¢ Step 3: calculate :EAILL/,[L = (Mble)st—ﬁt o lubest—ﬁt)/:ubest—ﬁt'

The classical ranking calculation focuses on the best-fit result or the min-
imum value in the negative log-likelihood scan by varying one systematic
uncertainty. The advantage of this method is that it directly focuses on the
best-fit value. Therefore, it looks like it is easier to identify the impact of
one uncertainty on the best-fit result and therefore determine the relative
importance of each systematic. However, in practice, we found that it is not
always the case and it is very difficult to compare the individual 4¢ and 2/2v
channels with their combination as well.

The first problem is when the best-fit value is 0, such as the Higgs-gluon
coupling in BSM analysis. As we know, the mass of the gluon is 0 and its
coupling to the Higgs particle is 0. Therefore the Asimov ranking plot for
the Higgs gluon coupling cannot be used this way i.e. A,/u to calculate as
pw=0.

Another problem occurs in Step 2. Remember the fit is performed when
the nuisance parameters are floating to find the best-fit signal strength while
taking the correlations among all nuisance parameters (including systematic
uncertainties) and POIs into account. When we fix one systematic uncer-
tainty and re-fit in Step 2, the correlations among systematic uncertainties
are changed from Step 1, especially when the fixed systematic uncertainty
has a strong correlation with other systematics. For this reason, it is not
always easy to identify which systematics are important.

From a different perspective, when we provide a measurement, we often give
the overall upper and/or lower limits or uncertainties. Sometimes, people
are more concerned about the limits, for example, the upper 95% confidence
level of the Higgs decay width measurement is 9.7 MeV.

Hence, we need another method called the 2-0 crossing method where the
correlation can be mitigated (to some degree) and the overall systematic limit
can be taken into account.

20 Crossing Method

The 20 crossing method is used to calculate the systematics at the 20 confi-
dence level. It actually does not matter which confidence level is chosen and
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the spirit of the method is to avoid the sensitivities due to the systematics at
the best-fit value and provide a guideline for the description of the systematic
uncertainties at the upper limit.

The formula used to calculate the 20 crossing value is:

\/OLZE sys included 1)2 - (M(Q)ge sys removed 1>2/2 (540)

where 12 sys included T€PTesents the p value at the 20 confidence level with
all systematics included and p27, sys removed deniotes that only one systematic
uncertainty in question is removed while all others are considered. Figure 5.29
shows the corresponding values of p used in this method. This method is
particularly useful when the statement of the upper limit is provided and
therefore in the official paper [6], the systematics are illustrated using this

method.

-2In(A)

—— (a) with all systematics

(b) with one systematic removed

Figure 5.29: Illustration of the 20 crossing method calculation for systematic uncertain-

ties. The systematic uncertainty is defined as \/(ugﬁ sys included — 1)2 — (9, sys removed 1)2/2 =
2 2
o = 0P gy~ 1P 2

Although the 20 crossing method is better for providing the systematics at
the upper limit, there are still many issues with this method:

1. Why do we use “1” in (¢*? — 1) in Equation 5.40? It is assumed that
the best-fit value or the “base” is 1, see Figure 5.29. However, this
is true only for the expected or SM prediction NLL fit. For observed
results, the best-fit values are not always 1, therefore the choice of “-1”
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“wo»

only approximates the best-fit value. If the is replaced by the best-
fit values, when different systematics are removed, the best-fit values
are shifted differently, making the calculation complicated and hard to
compare.

2. The correlation of the systematics makes the 20 crossing method vulner-
able, although it is much better than the classical ranking method at the
best-fit values. It should be noted that once one systematic is fixed or
removed, the other systematics are re-shifted correspondingly compared
with no systematics fixed. Therefore, the 20 crossing value is not exactly
the impact of the specific systematic in question. Another variation of
the 20 crossing method can be considered see Equation 5.41. However,
in this case, no correlation is involved. Hence, different formulae should
be chosen for different situations and considerations.

\/(lu?)gly one sys included ~ 1)2 o (lugﬁ sys removed 1)2/2 (541)

3. The 20 crossing method is not perfect for comparing the individual chan-
nels and combinations. In fact, there is a long-standing problem in this
analysis regarding the matching systematics in individual channels and
combined channels 5.7.3.

20 sys removed 1S Provided in the published pa-

per. However, the systematic uncertainties calculated using Equation 5.41
can still provide a guideline for which one is important.

Therefore, eventually, only the

Unmatching problem with systematics between individual and com-
bined channels

There is a long-standing issue regarding the matching problem with the sys-
tematics between individual and combined channels. This is illustrated in
Table 5.7 shows the QSF parton shower systematics in the +2¢ crossing
method.

The matching problem is that the combined systematics are not between
those of the individual channels, i.e., why 0.14 is not between 0.24 and
0.437

In order to solve this problem, it is crucial to understand the meaning of
the formula for the calculation of systematics and to consider the baseline
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20 _ 2 __ 20 _ 2
\/(luall sys included 1) (luone sys removed 1) /2

Systematic Uncertainties  4¢ channel 22y channel 4/ + 2/2v combined
997 7 QSF parton shower 0.43 0.24 0.14

Table 5.7: Systematic uncertainties in individual 4¢, 2¢2v channels and their combined using the
+20 crossing method.

between the individual channels and the combined channels. This baseline is
that the relative variation of the combined channels due to QSF or any other
systematic is within those of the individual channels:

(e € ()it (S (5.42)

Equation 5.35 now becomes much more important. In this case, it can be
written as:

A A
2F__ 2R (5.43)
i n
or more precisely,
A A
I e (5.44)
K — HSM n

It is not difficult to obtain the above equation from Equation 5.27 once we
take pusy # 0 into account and replace L with A\ in Equation 5.24.

Therefore,
Ap

A A
m)combined = <(—M)4Z, (—M)2£2y> (545)

K — HSM K — HsM

Now let us think about the systematics definition in the +2¢ crossing method
in Equation 5.40. Considering the systematics are combined in quadrature,
approximately we have:

A'u = \/(/“Lgﬁ sys included ~ 1)2 - (N’(Q)ge sys removed 1>2/2 (546)

Therefore, the question is now clear. The formula used to calculate the sys-
tematic uncertainties is only for the absolute value. In order to compare the
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individual and combined systematics, the relative systematics are required,
given as follows:

\/(Mﬁﬁ sys included ~ 1)2 o (M(Q)ge sys removed 1)2/2(“’3&%5-@11}7 o 1) (547)

Now the combined relative systematic uncertainty is within those of the in-
dividual channels listed in Table 5.8.

\/(quﬁ sys included ~— 1)2 - (Mgge sys removed 1)2/2(luzgats—only - 1)

Systematic Uncertainties  4¢ channel 22y channel 40 + 202y combined

997 7Z QSF parton shower 0.09 0.20 0.12

Table 5.8: Systematic uncertainties in individual 4¢, 2¢2v channels and their combined using the
modified +20 crossing method.

In summary, now, the systematics un-matching problem why in the 420
method (Equation 5.40), the systematics of the combined channels is not
within those of the individual channels, has been solved. This is because the
systematics in the 420 method (Equation 5.40) is absolute, and the absolute
systematics of the combined channels is smaller than any of those of the
individual channels (as shown in Table 5.7). While the relative systematics
of the combined channels is within those of the individual channels (as shown
in Table 5.8).

VBF ranking problem and narrow data NLL problem

There are two more long-standing problems in this analysis that have per-
sisted for more than three months, namely the issue of the unanticipated
VBF one-sidedness ranking and the narrow data NLL problem. These prob-
lems were resolved by the author just two hours before the final editorial
board meeting. Otherwise, the analysis would not have been allowed to cir-
culate within the ATLAS collaboration, and we would have missed the Higgs
2022 conference in November 2022. The next available conference would have
been Moriond EW 2023, five months later than the Higgs 2022, which would
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have led to a delay in the author’s graduation and the completion of this
thesis.

In the classical systematic ranking plot 5.7.3 (see page 142), the error bars for
each systematic are usually symmetric, or at least approximately so. How-
ever, in the VBF Asimov ranking plot, depicted in Figure 5.30a, the one-
sidedness problem is obvious when comparison is made to the VBF data
ranking plot in Figure 5.30b. For the narrow data NLL problem, it is ob-
served that the data NLL curve is narrower than the expected curve when
Loftshell < 1, as shown in Figure 5.31. However, it should be noted that these
two problems are actually not real problems but are necessarily the case.
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Figure 5.30: Systematics ranking in (a) Asimov and (b) data. Asimov shows a one-sidedness
feature, while no such feature is found in the data systematic ranking. The reason is provided in
the main text.

To understand the first problem, the three steps described in Section 5.7.3
need to be checked one by one. Before directly investigating these steps, it is
useful to understand the curve of the number of event yields as a function of
1vBF, as shown in Figure 5.32. This will also be helpful in solving the narrow

data NLL problem.

From the curve, the yield initially drops starting from pypr = 0, reaches a
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Figure 5.31: Negative log-likelihood results versus signal strength piog.sher- The observed results
in black are narrower than the expected ones in blue when pogshen < 1. The reason is provided in
the main text.
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e  Our asimov is no upward/downward fluctuation, so asimov is at the critical level.

Figure 5.32: The relation between data and Asimov. The yields in Asimov are shown in the sky
blue solid curve as a function of VBF signal strength uvpr, while three possible data scenarios are
shown by dashed curves: upward fluctuation in the blue dashed curve, downward fluctuation in the
black dashed curve and no upward/downward fluctuations (the same as Asimov) in the red dashed
curve.
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Figure 5.33: VBF total number of events as a function of the impact of one systematic uncertainty.
Strictly speaking, the total yield is the nominal yield plus o x (AnEEZZNLoiEW - ”ggVZVIZINLO,EW) /2,
where « is from -1 to 1.

minimum at pypgr = 1 and then rises again. It should be emphasised that this
curve is extrapolated from the SM prediction, which corresponds to pypr = 1
or the red horizontal dashed line. The observed data are used to fit and find
the best-fit signal strength pyprp. There are three situations:

e Situation 1: The observed data is upward fluctuated compared to the
SM prediction. This is represented by the dashed blue curve. In this
case, there are two points of intersection, corresponding to two best-fit
signal strengths pypr or two NLL minima in Figure 5.34c.

e Situation 2: The observed data is exactly the same as the SM pre-
diction, shown in the red dashed curve. In this case, there is only one
best-fit signal strength at puygp = 1. This is also the Asimov or nominal
case. The NLL is shown in Figure 5.34a.

e Situation 3: The observed data is downward fluctuated compared to
the SM prediction, depicted in the black dashed curve. Considering that
the NLL curve is to calculate the maximum likelihood, there is no doubt
that the best-fit value is uypr = 1 because this point corresponds to the
shortest distance in the yield curve to the horizontal line of the observed
data. The NLL is also given in Figure 5.34b.

Now, let us investigate the VBF one-sidedness problem in Figure 5.30. Tak-
ing the largest systematic uncertainty, the q¢ — ZZ EW NLO uncertainty
(qqZZNLO EW), as an example, the event yields can be computed as a func-
tion of the variation of this systematic uncertainty, as shown in Figure 5.33.
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Figure 5.34: Three different scenarios of data vs. Asimov i.e. SM prediction. (a) the yield is the
same as the SM prediction, (b) the yield is smaller than the SM prediction, and (c¢) the yield is
larger than the SM prediction.

In other words, it means the variation of the qqZZNLO EW will change the
event yields. « is a parameter used to reflect how much the systematics can
change the event yields. If ayqzznro Ew 1s 0, it means the ¢¢ — ZZ EW NLO
uncertainty is 0, i.e., it will not change the event yield or the event yield is
the nominal yield.

Let us consider two cases that the q¢ — ZZ EW NLO uncertainty is at the
upper or lower lo limit, which corresponds to aqygzznto Ew = +1 or —1 and
this is reflected in the systematic ranking plot in Figure 5.35. In the first case,
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i.e., agqzznto Ew = +1, the ¢¢ — ZZ EW NLO systematic uncertainty will
reduce the yield, making the yield curve (solid light blue curve) in Figure 5.32
smaller than the nominal horizontal yield. This is equivalent to the case where
the observed data is larger than the nominal one, shown in Figure 5.34c.
Therefore, two best-fit values are found. However, in the NLL calculation,
only one best-fit value is given. It should be noted that the best-fit value
is far away from the nominal value puypr = 1. Hence, from the formula of
the classical systematics calculation in Step 3 in Section 5.7.3, the systematic
is large. This case corresponds to the right-hand side of Figure 5.35a and
Figure 5.35b. On the other hand, for the second case where agqzznLO EW =
—1, the q¢ — ZZ EW NLO systematic uncertainty will increase the yield
(as shown in Figure 5.33), making the yield curve (solid light blue curve) in
Figure 5.32 larger than the nominal horizontal yield. This is equivalent to
the case where the observed data is smaller than the nominal one, shown
in Figure 5.34b. In this case, we only have one best-fit value and this best-
fit value is very close to the nominal one, puygr = 1. Therefore, from the
formula of the classical systematics calculation in Step 3 in Section 5.7.3, the
systematic uncertainty is small, shown on the left-hand side of Figure 5.35a
and Figure 5.35b.

This explains why in the Asimov ranking plot, the systematic uncertainties
are one-sided. This is actually not a problem but rather an intrinsic feature
of the Asimov dataset. However, in the observed ranking plot (Figure 5.30b),
the observed data is already downward fluctuated compared to the SM pre-
diction and the yield variation due to the systematic uncertainties is small
compared to the difference of the SM and observed data. As a result, it
cannot flip the sign of the fluctuation, leading to no one-sidedness problem
in the data systematics ranking plot.

In summary, since only overproduction produces a systematic uncertainty in
the fit with two solutions, the Asimov systematics in VBF will necessarily be
one-sided.
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Figure 5.35: VBF one-sidedness systematics ranking problem explanation. (a) shows two cases.
In the left NLL plot, the data is smaller than the SM prediction. This case corresponds to the
black dashed curve in Figure 5.32 and the impact of systematic uncertainties on the pypr is small
because the NLL curve has a well-defined minimum. However, in the second case, as shown in
the right NLL curve, the change in the yield due to systematic uncertainties will vary the pyvpr

significantly because there are two minima and the NLL curve is not stable at pyvpr

= 1.

(b)

presents the strict NLL calculations and is shown in a log scale to present the minima clearly.
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The narrow NLL problem

The narrow NLL problem can be separated into two parts. One is why the
NLL curve is narrower at @ < 1 than that at 4 > 1 and another is why the
data is narrower than expected at p < 1.

To understand the first one, it is necessary to examine the NLL formula, as
written in Equation 5.25, Equation 5.24 and Equation 5.21. Alternatively, we
can refer to the equation explicitly presented in each subfigure of Figure 5.34
and have:

NLL  log(yields) (5.48)

where the yields are a function of the signal strength p. The VBF production
yield as a function of u is given in Figure 5.32. Since the yield is narrower at
p < 1 than that at g > 1, it is straightforward to have that the NLL curve is
narrower at g < 1 than that at g > 1 from Equation 5.48.

The second part, why the data is narrower than expected at y < 1, can
be explained by the ggF (gluon-gluon Fusion) contribution. The individual
NLLs are provided in Appendix C.4 (to avoid too much content in the main
thesis), where the observed jigr is larger than 1, causing the observed NLL
to be right-shifted. This leads to data being narrower than expected at y < 1
and leads to data being closer to the expected at u > 1. The observed pig,r
being larger than 1 is due to the data overproduction than expected in the
geF production channel, as shown in Figure 5.12a.

In summary, the narrow NLL is due to the narrow yield of the VBF produc-
tion at © < 1 and data overproduction in the ggF' channel.
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5.8 Results

This section presents the results of the off-shell Higgs production measure-
ment in the combined 4¢ and 2¢2v analyses. The results in individual channels
are provided in Appendix C.2 for the 4¢ channel and Appendix C.3 for the
202v channel. The off-shell measurement is combined with the on-shell one
as well to provide the Higgs width constraints.

5.8.1 Combination of the Off-shell 4/ and 2/2v Analyses

The statistical model used in this analysis is based on the profiled likelihood
method [174]. A binned likelihood, as a product of the Poisson distribution
of all bins, is fitted simultaneously in the signal regions (SRs) and the control
regions (CRs).

The theoretical and experimental uncertainties in this likelihood follow Gaus-
sian distributions, which are constrained by theoretical calculations and aux-
iliary measurements. These systematic uncertainties are correlated between
the two channels where appropriate. The uncertainties from the finite MC
simulation are modelled as Poisson distributions.

The backgrounds in the SRs are estimated from the CRs where background
normalization factors are constrained. These factors include the overall ¢g —
ZZ factor (fqqzz), single jet qq@ — ZZ factor (pqqzz X ,uéjqzz) and multi-jet

qq — Z Z factor (quZZ X quzz X quzz) constrained primarily from the 4¢ CRs,

as well as sy, ,ugg, ,u% pzi and fie,, constrained primarily from the 2¢2v CRs
in combination. The corresponding results are presented in Table 5.9.

As mentioned in Section 5.7.2, the goodness of fit is assessed using the pulls,
as shown in Figure 5.36 and the fits have converged. Refer to Section 5.7.2
for more details on how to interpret the pulls. Dominant systematic uncer-
tainties are listed in Table 5.10. Considering the possible issues with the
classical systematic ranking method and the 20 crossing method mentioned
in Section 5.7.3, only the pogspen values at —21In A(poftshen) = 4 are provided
as a guideline of which systematics are important. Generally, the smaller the
value of pofsnen, the greater the impact of the systematic uncertainty.

To constrain the overall signal strength of the off-shell Higgs piof-snen, the sig-
nal strengths in the two production modes are assumed to be equal p oﬁtheu
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pEN 1 = Moftshel- The result is present in Figure 5.37a. Another result for
the relation of signal strengths of the two production modes is shown in Fig-
ure 5.37b, where uiﬁiheu and pEV, . are floating. Given that the total number
of events is small due to the large negative interference term, the asymptotic
limit differs slightly from the Neyman construction, detailed in Section 5.7.1.
Therefore, the Neyman construction is provided here. The best-fit signal
strength fioshen 1S 1.11“8:2 for observation. The observed (expected) no off-
shell Higgs boson is rejected at 3.30 (2.20), constituting evidence of the

off-shell Higgs.

The best-fit signal strength pogsnen being shifted to 1.1 from 1 is due to the
contribution from the ggF channel. The best-fit VBF signal strength qutheu
is 0.97 (Figure C.9), which is very close to 1. This is reasonable and is due
to the data under-fluctuation, as explained in Section 5.7.3. However, the
overproduction in the ggF channel (Figure 5.12a) results in the best-fit ggF
signal strength M%ﬁiheu being 1.26 (Figure C.9), and consequently, shifts the
total signal strength piofgnen from 1 to 1.1.

It is also necessary to elaborate on the significance of the rejection result
here. To explain this clearly, it is important to clarify that ‘under-fluctuation’
refers to data under-fluctuations throughout the thesis, and that the data
includes contributions from S (signal) + B (background) + I (interference).
The expected significance is 2.2, whereas the observed significance is 3.3,
indicating that data favours an off-shell Higgs signal. The explanation is
given as follows.

Unlike on-shell Higgs measurements, where a preference for a Higgs signal
results in a more pronounced or higher on-shell peak, off-shell Higgs mea-
surements involve negative interference, with an absolute value much larger
than the signal, as shown in Figure 5.4.

Thus, favouring the presence of a Higgs signal in the off-shell case leads to
a greater negative interference contribution, reducing the total S (signal) + B
(background) + I (interference). Consequently, this results in underproduc-
tion of data. Alternatively, underproduction in data suggests a preference for
the presence of an off-shell Higgs signal, as evidenced by the observed signifi-
cance (3.3) being greater than the expected significance (2.2) when rejecting
pw=0.
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Fitted value
1.11 +0.07
0.90 +0.10
0.88 +0.26
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0.75+0.19
0.90 +0.19
1.08 £0.09
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Systematic Uncertainty Removed Uoft-shell (—21n\ = 4)
Parton shower uncertainty for gg — ZZ (normalization) 2.26
Jet energy scale and resolution uncertainties 2.26
NLO EW uncertainty for qqg — 27 2.27
Parton shower uncertainty for gg — ZZ (shape) 2.29
NLO QCD uncertainty for gg — 22 2.29
Parton shower uncertainty for ¢¢ — ZZ (shape) 2.29
None 2.30

Table 5.10: Ranking of dominant systematic uncertainties in the combined off-shell 4¢ and 202y
channels. The second column shows the value of pog.qnen at the upper two standard deviation
confidence intervals (—2IlnA = 4) when the corresponding systematics uncertainty in the first
column is removed from the fit. Generally, the smaller the value of pofshell, the greater the impact of
the systematic uncertainty. For more detail on systematics evaluation methods refer to Section 5.7.3.
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5.8.2 Combination of Off-shell and On-shell Measurements

The off-shell analysis is combined with the on-shell Higgs to 4¢ analysis [127]
to provide Higgs width constraints, subject to certain assumptions as detailed
below.

The off-shell Higgs signal strengths for each production mode can be ex-
pressed as:

F F S
M%%f—shell - Rgg - Ryy Mirgl_sheu ) FH/FHM (5.49&)
Mgf\f}iheu = R%/V ' /L(]?r}}-\;hell T'g/ FJSLIM (5.49b)

where, R, and Ryy are the Higgs-gluon and Higgs-Z boson coupling squared
ratios of the off-shell to the on-shell regions, respectively:

_ .2 2
R!Jg - "{g, off—shell/’ﬁg, on-shell (550&)

_ 2 2
Ryy = Ky, oft-shell/ KV, on-shell (5.50b)

To be precise, here, r, (ky) is the ratio of the measured Higgs-gluon (Higgs-Z
boson) coupling to the SM prediction.

In the Higgs width measurement, the off-shell to on-shell coupling ratios are
assumed equal, i.e., Ry, = 1 and Ryy = 1. The signal strengths in the two

. F
production modes are set to be same as well: p8° = pEW = g and

,uiﬁiheu = pEW, 1 = Hofishen. Under this assumption, the Higgs width can be

constrained from:

Hoff-shell = Hon-shell * FH/F%IM (551)

The result is presented in Figure 5.38a and the best-fit Higgs width 'y is
4.533 MeV which is calculated from the measured T'g/T5M and T8M = 4.07
MeV. The observed (expected) lower and upper limit at 95% confidence level
for the Higgs width is 0.5 (0.1) < 'y < 10.5 (10.9) MeV.
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Figure 5.37: Negative log-likelihood profile, —21In A, (a) versus off-shell Higgs signal strength
Uoftsherl and (b) projection on the uiﬁihen vs. puEV, o plane for ggF and EW production modes.
Dotted curves in (a) represent the one- and two-standard deviation confidence intervals obtained
from the Neyman construction, while (b) is from the computationally efficient asymptotic approx-
imation. The —2In A = 2.30 and —2In A = 5.99 correspond to one- and two-standard deviation
confidence intervals. For additional information about the asymptotic method and Neyman con-
struction refer to Section 5.7.1.

The off-shell to on-shell couplings can also be constrained if the Higgs width is
assumed to be the same as the SM predictions, i.e., FH/F%M = 1. Under this
assumption, the Ry, and Ry can be extracted, as shown in Figures 5.38b

and 5.38c.
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Figure 5.38: Negative log-likelihood profile, —21In A as a function of (a) the ratio of measured

Higgs width to the SM prediction:

Ty /TP

, (b) the ratio of off- to on-shell Higgs-gluon coupling

squared: R4, and (c) the ratio of off- to on-shell Higgs to Z boson coupling squared: Ryy. Dotted
curves denote the one- and two-standard deviation confidence intervals obtained from Neyman

construction (see Section 5.7.1).
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5.8.3 ATLAS and CMS Combination

At the time of writing this thesis, there is no established plan for the combi-
nation of ATLAS and CMS results for the off-shell Higgs analysis. Currently,
CMS is in the process of updating their results with the full Run-2 dataset.
The published analysis on the partial Run-2 dataset from CMS provides evi-
dence for the existence of the off-shell Higgs at 3.60 [176]. After the update,
it is hoped a combination of CMS and ATLAS analyses will be performed.
The combined results can be approximated at first using the current results.
The major focus will be the confidence level for the existence of the off-shell
Higgs. For a simple estimation, the combination is

V/3.22 +3.62 =480 (5.52)

However, the dominant systematics in both ATLAS and CMS analyses are
theoretical uncertainties. Given the similarity of the models employed for a
majority of the processes, it follows that the theoretical uncertainties should
be strongly correlated with each other, leading to a combined result nearing
50.

However, the off-shell Higgs to WV analysis is ongoing in both the CMS
and ATLAS collaborations. The combination of Higgs to WW and ZZ in
ATLAS + CMS is expected to be well above 5o. While, for the observation
(50) of the off-shell Higgs in the individual ATLAS and CMS analyses, this
will require a combination of the Run-2 and Run-3 datasets.
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5.9 Conclusion

This chapter reports a search of the off-shell Higgs production measurement
in the 4¢ and 2/2v channels using the full Run-2 dataset at ATLAS. This
analysis accounts for both the gluon-gluon fusion and electroweak (vector-
boson fusion and VH) production modes. The background-only (or absence
of off-shell Higgs boson production) is rejected at the confidence level of 3.3
o (2.2 o) for the observed (expected) result. This constitutes evidence of
off-shell Higgs production. No significant deviation from the SM prediction
is observed within the uncertainties.

The Higgs boson decay width is measured to be 4.53:‘;’ MeV and the upper
limit is 10.5 MeV at the 95% confidence level, obtained from the combination
of off-shell and on-shell Higgs analyses.

The results in ATLAS and CMS are compatible with each other. The even-
tual possible combination of the ATLAS and CMS Run 2 results, with the
inclusion of the Higgs to W analyses, is likely to lead to the observation of
off-shell Higgs boson production at the LHC. The combination of the Run-2

and Run-3 datasets is expected to lead to the separate observation of the
off-shell Higgs in each of ATLAS and CMS.

Although no significant deviation from the SM prediction is observed within
the uncertainties, there are still many phenomena that the SM can not ex-
plain. Why the Higgs boson is so light? What is the origin of flavour? Why
there are only three generations?” What is the origin of the CP violation?
What is dark matter, dark energy and what is evidence for cosmic inflation?
The gravity is not included in the SM yet. Considering the importance of
the Higgs boson, it is a window for us to explore the physics unknown. For
example, the Higgs boson gives masses to other particles and one of the prop-
erties of the dark matter is the dark matter has mass. Therefore, the author
conducted and reported a search for BSM physics using the off-shell Higgs
boson, which is described in the next chapter (Chapter 6).
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Effective field theory interpretation

The off-shell region (220 GeV < mH < 2TeV) provides a pivotal window,
at the TeV scale, to the search for possible hints of BSM, especially on dis-
entangling Higgs-top and Higgs-gluon couplings. The author is the primary
member and responsible for 90% of the analysis, including model selection,
truth sample generation and validation, official MC' sample request, minitree
production, nominal analysis, background, systematics, fitting and combina-
tion of 40 and 202v channels, and wrote the analysis note for LHCP 2023
conference: https://atlas.web. cern.ch/At las/GROUPS/PHYSI
CS/PUBNOTES/ATL-PHYS-PUB-2023-012 and gave a presentation of
this analysis at the SMQLHC conference at Fermilab. Considering the im-
portance and the large amount of information that needs to be conveyed, the
EFT interpretation is described in a separate chapter in this thesis.
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6.1 Introduction

Detecting possible contributions from new processes beyond the Standard
Model (SM) is crucial for understanding phenomena such as dark matter or
the dominance of matter over anti-matter in the universe for which the SM
provides no explanation. The Higgs boson, the physical state associated with
the mechanism responsible for the origin of the mass of other particles in the
SM, provides a pivotal window to search for possible beyond the Standard
Model (BSM) physics. This chapter reports a search for BSM physics using
off-shell Higgs boson events in the 4¢ and 2¢2v final states. The search is
carried out by re-interpreting the previously reported measurement of off-
shell Higgs boson production in Chapter 5.

Off-shell Higgs boson production is accessible only in the WIW or ZZ chan-
nels at the LHC, where the increase in available phase space for the Higgs
decay as mpy approaches twice the Z boson mass cancels out the rapid fall-
off in production moving away from the Higgs on-shell peak. In the ZZ
channel, the off-shell Higgs boson production accounts for only O(10%) of
the total Higgs cross-section [177]. As a result, most BSM constraints are
obtained from studies in the on-shell region. However, off-shell Higgs bo-
son events offer the opportunity to probe a higher energy scale, where BSM
physics may emerge. Furthermore, ATLAS and CMS [178]) have shown that
the Higgs-top and effective Higgs-gluon couplings in the gluon-gluon fusion
(ggF) Higgs production mode cannot be measured independently using in-
clusive measurements in the on-shell region, while the off-shell region offers a
means to decouple them [179]. Another study [180] shows that the Higgs-top
coupling can be probed directly in the ¢ttH channel. This thesis will focus
only on the ggF production mode based on the Effective Field Theory (EFT)
framework to search for BSM physics, with the full ATLAS Run-2 pp collision
dataset. Section 6.2 discusses the EFT formalism used to perform the anal-
ysis, and Section 6.3 how the BSM couplings being probed were modelled.
Section 6.4 describes the data and Monte Carlo simulation, while Section 6.5
and Section 6.6 cover the analysis in two final states. Section 6.7 presents the
systematic uncertainties taken into account, and the final results are shown
in Section 6.8.
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6.2 Theoretical Frameworks and Motivation

The results presented in this thesis are provided in the context of two frame-
works commonly used for studying the off-shell Higgs boson in the ZZ de-
cay channel: a simplified effective coupling approach which we refer to as
the ¢, — ¢; framework [179] (or the similar s-framework [181]) and the full
Warsaw basis of the Standard Model EFT (SMEFT) framework [182]. The
former framework offers a more direct connection to physics, while the latter
allows for a common interpretation of Higgs, electroweak, and top physics
measurements.

6.2.1 c¢; — ¢ Framework

The Lagrangian presented in Ref. [179] is considered, which includes three
dimension-six operators that contribute to the gluon-gluon fusion process

(ggF):

2

P
dim-6 _ yﬂ#ﬂ Ce G5 | o
L QL ptr + h.c. + —== ¢ G/WGW/-FCQSQ 297

487292

|90| G/WGW
(6.1)
(The notation in Ref. [179] was adapted for consistency with the other model
in Section 6.2.2.) After spontaneous symmetry breaking, the full SMEFT
Lagrangian, which includes the SM and dimension-six contributions, is

Lsvrrr D Loy + L850
my - ggH 0%
= — Ct—ttH -+ 6948—2GW/G (CP — even) (62)
g:H w
+ zct—t%tH + 093 GWG (CP — odd)

where ¢; = 1—Re(cy) and ¢ = Im(c,). Only CP—even operators are considered
in this analysis as the observables used in this analysis were not designed to
be CP-sensitive. The Feynman diagrams related to the Higgs-top coupling ¢;
and Higgs-gluon coupling ¢, are shown in Figure 6.1. In the SM, ¢, = 0 and
c = 1.

The inclusive ggF cross-section in this framework can be calculated and nor-
malized to the SM prediction to yield [181]:
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(b)

Figure 6.1: The representative leading-order diagrams in the gg — ZZ channel, showing where
the 6.1a Higgs-gluon effective coupling and 6.1b Higgs-top coupling are modified by the correspond-
ing operators in the ¢; — ¢4 framework.

O.SMEFT(

Ct, Cg) N 2 T g my
S ~ (c + ¢q) (1 T et dm? (6.3)

In the on-shell Higgs boson region, the mass-dependent term can be neglected,
yielding

SMEFT
O on—shell (Ct: Cg)
B (o)’ (6.4)

on-shell

This is the source of the coupling degeneracy: as the SMEFT on-shell signal
strength is only dependent on the sum of ¢; and ¢, they cannot be measured
separately in the on-shell regime. However, for the off-shell Higgs production,
for which myzz > m;, the mass term in Equation 6.3 can no longer be ignored.
Therefore, measurements using off-shell events can probe ¢; and ¢, separately.
The relation is shown in the 2-D negative log-likelihood scans in Figure 6.2
as a function of the Higgs mass.
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Figure 6.2: The projection of the negative log-likelihood function on the ¢, —c¢; plane as a function
of the Higgs mass.
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6.2.2 Warsaw Basis

Another widely used framework for the EFT interpretation of the Higgs mea-
surements is the Warsaw basis. In this framework, the Lagrangian of the
SMEFT is expanded with respect to an energy scale A:

ol
Lsyerr = Lom + Z A§*4 o\ (6.5)
Vi, Vd>4

Here, A is the scale at which new physics is expected to appear and d refers
to the dimensionality of the operators. It can be associated with a possible
UV-complete BSM model that contributes to the EFT operators. Similarly,
C'Y are the Wilson coefficients that encode information about the couplings

2

associated with the possible UV-complete model.

In this analysis, only dimension-six operators are included. Dimension-five
operators are neglected due to the current neutrino mass bounds and lepton-
and baryon-number conservation assumptions in this analysis. Dimension-
seven operators are suppressed by another factor of the new physics scale
compared with dimension-six operators. Among many dimension-six oper-
ators, only Higgs-gluon and Higgs-top related operators in the g9 — ZZ2
channel are considered, as discussed in Section 6.2.1. The corresponding
definitions are summarized in Table 6.1 and the diagrams are depicted in
Figure 6.3. In the SM, c,¢ = 0 and ¢, = 0.

Operator  Coefficient (A~2) Definition
v2 v
Och CoG (QDTQD - T)Gi Gﬁu
Oy Cro (ol — %)QL@SR +h.c.

Table 6.1: Operators of interest in the Warsaw basis and their definitions. For further detail
consult [183].

The analysis reported in this thesis is performed in the SMEFT framework
using the Warsaw basis. Nevertheless, by comparing Equation 6.2 and Ta-
ble 6.1 (Equation 6.2 includes contributions from both the SM and BSM
while Table 6.1 is pure BSM), translation between the two frameworks can
be accomplished by
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(a) (b)

Figure 6.3: The representative leading-order diagrams in the gg — ZZ channel, showing where (a)
the effective Higgs-gluon coupling and (b) the top-Higgs coupling are modified by the corresponding
Warsaw basis operators.

AQ
S (6.6)
oG = 487292 “

and results can therefore be recast in the ¢, — ¢; framework.

6.3 Modelling of BSM Couplings

The total cross-section corresponding to the Lagrangian in Equation 6.5 can
be expressed as:

)
GSMEFT o Mo |? =M + QZ /{2 Re <M§M , Mz('ﬁ))
Vi
0(6)0(6) (6'7)
i g *(6) (6)
+3 - —Re (M0 M)
Vi,j
or simply
gMEFT — SM 4 int 4 5BSM (6.8)

The first term on the right-hand side of both equations 6.7 and 6.8 corre-
sponds to the SM contribution only. The second term is the interference
between the SM and BSM (referred to as the EFT dimension-d linear term
with d = 6, or the EFT linear term for short). The third term is the pure
contribution from BSM (referred to as the EFT dimension-d quadratic term
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with d = 6, or the EFT quadratic term for short), while the last term is
called the cross-term (also pure BSM contributions).

To measure the potential BSM couplings listed in Table 6.1, Equation 6.8
can be explicitly rewritten as follows:

SMEFT _ _SM O,aSM | 2 _O,aSquared
o = 0"+ Cpg 0 T + g o e

+ Ctg@ O_OWSM + C?(p O_OWSquared (69)

+ Coa Cryp g OecOre

where

o g97SM (505M) s the interference term of the EFT dimension-six op-

erator Oy (Oy,) with the SM.

o gOpcSauared (5O Sauared) iy the quadratic term of Oug (Oyy).

o 0960 is the cross-term of Oy and Oy, corresponding to matrix ele-

ment 2 - Re (./\/laoc : ./\/l(9w>.

The EFT operator-related cross-sections on the right-hand side of equa-
tion 6.9 are obtained by setting the corresponding coefficients to unity. For ex-
ample, in the above equation, 09¢5M refers to 0«¢"M (¢, = 1), gOecSauared —
gOecSauared (o = 1) ¢9c0w = OO (c o = 1and ¢y, = 1).

Two fit configurations are considered for SMEFT results: the linear-only fit
which includes terms of order up to A=2and the linear+quadratic fit extend-
ing up to A™%. For the 2-dimensional (dimension here refers to the number
of coefficients) c,q-cy, fits, gOscSauared - ;O Squared o1 q 50-c01 gre not incor-
porated in the linear-only fit but are considered in the linear+quadratic fit

because each of these cross-sections is oc A4,

The parameterization of the cross-section predicted is computed as a relative
correction to the SM prediction computed at the highest available order:

SMEFT SM 4 fl(t) % I]?(S)M
010 910
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Dimension-six operators can contribute an important correction to the total
width of the intermediate particles in cases where the intermediate particles
are on-shell. However, it is pointed out that the off-shell Higgs cross-section is
independent of the Higgs width [184]. Therefore, the impact of the dimension-
six operators on the Higgs width can be ignored.

The difference between the original measurement reported in Chapter 5 and
this EF'T analysis lies in the parameter to interpret. In the original measure-
ment, the EFT operators are not considered and the analysis fits the off-shell
Higgs signal strength piofshen, where fiofshen = grobserved da“ta/ oM. However,
in the EFT interpretation, EFT operators in Equation 6.9 are included in
the parametrization and dimension-six coefficients are fit, while the signal
strengths are set to the SM prediction, i.e., fof-shell = uiﬁiheu = pEN, =1
Or equivalently, the pogsnen in the original measurement is expressed in terms

of the SMEFT dimension-six parameters in the EFT analysis.

6.4 Data and Monte Carlo Simulation

6.4.1 Data

The proton-proton (pp) collision data used in this analysis was collected be-
tween 2015 and 2018 at ATLAS. The overall trigger efficiency for the signal
process is larger than 98%.

6.4.2 Simulation of BSM Processes

MC samples for dimension-six operators are simulated at NLO accuracy in
QCD by MADGRAPH5_AMC@NLOv2.7.3 [91] using the model SMEFT@QNLO
UFO[183] based on the Warsaw basis and the NNPDF3.0 NNLO PDF set
[185]. The interference terms of tree-level and loop-induced diagrams are
generated using a reweighting scheme [186]. Input parameters adopt the
Gr, myz, my scheme: their values and the values of the new physics energy
scale A and EFT renormalization scale ugpr are given in Table 6.2. The
unitary Gauge and Cabibbo—-Kobayashi-Maskawa (CKM) matrix unitarity
are required. Events are interfaced to PYTHIAV8.244 [187], with the A14
tune [188] for parton showering and hadronization. A matching procedure is
performed to remove phase-space overlap between matrix element jets and
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shower jets, using the MLM algorithm [189]. The linear, quadratic, and
cross-term samples, mentioned in Equation 6.9, are generated separately. No
operators with mass dimension higher than six are considered.

Parameter Symbol Value
New physics energy scale A 1 TeV
EFT renormalization scale UEFT 175 GeV (= my)
Fermi constant Gr 1.1663787 x 107° GeV 2
Z boson mass my 91.18760 GeV
W boson mass my 79.8244 GeV

Table 6.2: Values of parameters used in MC event simulations of EFT dimension-six operators.

6.4.3 Simulation of SM Processes

The MC simulation of SM processes is discussed in detail in Chapter 5.

6.5 ZZ — 4¢ Analysis

The event selection, signal and control region definition and observable used
in the EFT re-interpretation are the same as the standard analysis in ZZ —
40.

Note that the observable used in the standard analysis is trained on standard
MC samples, i.e. no EFT samples and this observable is constructed without
including the interference term, therefore it is not optimal for the EFT anal-
ysis. The matrix-element-based method adopted in the previous round (36
fb~1) analysis is better than the neural network in the standard analysis.

However, considering the timeline, in the EFT analysis the same observ-
able is used as the standard analysis, namely the neural network observable.
Therefore, no re-unblinding procedure is required.

Figures 6.4 and 6.5 present the cross-section distributions of the observed
and expected NN-based observables in each SR, together with respectively
the O glinear and quadratic and Oy, linear and quadratic fits, presented in
Section 6.8.
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Figure 6.4: The event cross-section distributions for the 4¢ channel in 6.4a the ggF SR, 6.4b the
mixed SR, and 6.4c the EW SR, as a function of the neural network based observables. Both EFT
dimension-six linear (O,cSM) (dashed magenta lines) and quadratic (O,gSquared) (solid magenta
lines) contributions are considered in the fit. In the top panel, the black dots with error bars are
the observed data, while the SM prediction (blue area) includes the SM ¢q — ZZ background,
the SM gg — (H* —)ZZ (signal plus background plus interference, labelled ggFSBI) process, the
SM EW qq — (H* —)ZZ + 2j (signal plus background plus interference) process, and all other
SM backgrounds (Z+jets, tt, triboson and ttV)). The EFT dimension-six linear and quadratic
contributions are given with the observed best-fit value from the combined linear and quadratic
fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The underflow and
overflow are included in the first bin and last bin, respectively. The bottom panels show ratios to
the SM prediction. The total systematic uncertainties discussed in Section 6.7 are illustrated by
the hatched area.
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Figure 6.5: The event cross-section distributions for the 4¢ channel in 6.5a the ggF SR, 6.5b
the mixed SR, 6.5¢c the EW SR, as a function of the neural network based observables. Both EFT
dimension-six linear (Oy,SM) (dashed orange lines) and quadratic (O;,Squared) (solid orange lines)
contributions are considered in the fit. In the top panel, the black dots with error bars are the
observed data, while the SM prediction (blue area) includes the SM ¢§ — ZZ background, the
SM gg — (H* —)ZZ (signal plus background plus interference, ggF'SBI as shown) process, the
SM EW qq — (H* —)ZZ + 2j (signal plus background plus interference) process, and all other
SM backgrounds (Z+jets, tt, triboson and ttV). The EFT dimension-six linear and quadratic
contributions are given with the observed best-fit value from the combined linear and quadratic
fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The underflow and
overflow are included in the first bin and last bin, respectively. The bottom panels show ratios to
the SM prediction. The total systematic uncertainties discussed in Section 6.7 are illustrated by
the hatched area.
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6.6 77 — 202v Analysis

The event selection, signal and control region definition and observable used
in the EFT re-interpretation are the same as the standard analysis in the
Z 7 — 202v channel in Chapter 5.

The observed and expected cross-section distributions in each SR are shown in
Figures 6.6 and 6.7 for the O,¢ and Oy, linear and quadratic fits, respectively,
presented in Section 6.8.
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Figure 6.6: Event cross-section distributions for the 202y channel in 6.6a the ggF SR, 6.6b the
mixed SR, 6.6c and the EW SR, as a function of the transverse mass m%z . Both EFT dimension-
six linear (O,GSM) (dashed magenta lines) and quadratic (OgygSquared) (solid magenta lines)
contributions are considered in the fit. In the top panel, the black dots with error bars are the
observed data, while the SM prediction (blue area) includes the dominant background processes
SM qq — ZZ, SM WZ, SM non-resonant ¢¢, SM gg — (H* —)ZZ (signal plus background plus
interference, ggFSBI as shown), SM EW ¢qq — (H* —)ZZ + 2j (signal plus background plus
interference) and all other SM background (Z+jets, tt, triboson and ¢tV). The EFT dimension-six
linear and quadratic contributions are given with the observed best-fit value from the combined
linear and quadratic fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison.
The underflow and overflow are included in the first bin and last bin, respectively. The bottom
panels show ratios to the SM prediction. The total systematic uncertainties discussed in Section 6.7
are illustrated by the hatched area.
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Figure 6.7: Event cross-section distributions for the 202y channel in 6.7a the ggF SR, 6.7b the
mixed SR, 6.7c the EW SR, as a function of the transverse mass mr_ZFZ . Both EFT dimension-six
linear (O,SM) (dashed orange lines) and quadratic (Oy,Squared) (solid orange lines) contributions
are considered in the fit. In the top panel, the black dots with error bars are the observed data,
while the SM prediction (blue area) includes the dominant background processes SM ¢q — ZZ, SM
W Z, SM non-resonant £/, SM gg — (H* —)ZZ (signal plus background plus interference, ggFSBI

as shown), SM EW ¢qq — (H* —)ZZ + 2j

(signal plus background plus interference) and all

other SM background (Z+jets, tt, triboson and ¢tV'). The EFT dimension-six linear and quadratic
contributions are given with the observed best-fit value from the combined linear and quadratic
fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The underflow and
overflow are included in the first bin and last bin, respectively. The bottom panels show ratios to
the SM prediction. The total systematic uncertainties discussed in Section 6.7 are illustrated by

the hatched area.

179



Chapter 6. EFT interpretation 6.7. Systematic Uncertainties

6.7 Systematic Uncertainties

The analysis is impacted by systematic uncertainties from the theoretical
description of the SM and BSM processes in question, and experimental un-
certainties relating to the detector response. All uncertainties applying to
SM processes are determined in the same fashion as in Ref. [190], and are
discussed only briefly here.

Experimental uncertainties are generally small for both BSM and SM pro-
cesses except those from jet reconstruction, e.g. jet energy scale and reso-
lution. The systematics are dominated by the theoretical modeling of the
SM processes, including missing higher-order corrections from perturbative
QCD and EW calculations and uncertainties in the modeling of the parton
shower.

The following theoretical uncertainties on the BSM processes are consid-
ered:

Choice of the parton distribution function. Following the procedure
adopted for estimating this uncertainty in the SM processes, the PDF un-
certainty is evaluated from 100 MC replicas, using the principal component
analysis (PCA) [191] method. The uncertainty ranges from 1% to 2%.

Missing higher orders (HO) in the strong coupling constant «g.
This type of uncertainty is approximated by varying the renormalization and
factorization energy scales up and down by a factor of two. The uncertainty
ranges from 20% to 30%.

Uncertainties due to missing HO QCD corrections to the EFT processes (eval-
uated by varying the EFT renormalization scale, ugpr) are currently only
available for processes such as ttH [192] that are tree-level at leading order
and hence were not considered in this analysis. Uncertainties due to missing
higher-dimensional SMEFT corrections were also not considered due to the
unavailability of the necessary theoretical calculations.

6.8 Results

To probe the EFT operator impact on Higgs boson couplings in the off-shell
region in ZZ — 4¢ and ZZ — 2(2v, the profile likelihood technique [174] is
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employed.

From Equation 6.9, the expected number of events from the SM and the O ¢

linear plus quadratic contributions in each bin, referred to as vSMEFT for a

given c,q 1s:

O,cSM O,cSquared
n xS (9) neg (6)
VSMEFT(%G, 0) = nilgdLO(e) X (1 + cpi ZOSMW + cig . LOnSM(O)
) LO
(6.11)

where 0 represents nuisance parameters including systematic and MC statisti-
cal uncertainties, constrained using Gaussian and Poisson terms, respectively.
The number of events in each bin is n, and vSMFFT is parameterized similarly

for ¢,.

A binned likelihood function is then constructed, which is a product of Pois-
son probability terms of all bins and fitted to the observed data or the ex-
pected SM prediction in all the SRs and CRs simultaneously. The likelihood
depends on the parameters of interest, c,¢ and c¢;,, and the nuisance param-
eters 6.

The expected and observed results based on the profile likelihood ratios (de-
noted by —2In(\)) are presented in Figure 6.8 including linear only and linear
plus quadratic fits for each Wilson coefficient of the operators modifying the
Higgs-gluon effective coupling or the Higgs-top coupling. The observed (ex-
pected) results in the linear and quadratic fit are

o = 1710 (0°F) 619
o = 0,003 (0,000 '
at the 95% confidence level. These results include ZZ — 4¢ and ZZ —
202v combined and both the statistical and systematic uncertainties and are
calculated in the asymptotic limit. The ¢, constraint is comparable to the
result from the boosted t¢H analysis by CMS [193]. Another study [194]
shows that the transverse-momentum differential cross-section analysis in the
on-shell Higgs region has a much better resolution in the ¢;, and c ¢ than
this analysis. The advantage of this analysis is that the high mass region
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(at the TeV level) has been used where new physics may arise. Figure 6.9
shows 2D contour projections of —2In(A) on the Wilson coefficient plane
in the asymptotic approximation. The results are compatible with the SM
prediction within the uncertainties.
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Figure 6.8: Negative log-likelihood, —21In(\), as a function of dimension-six EFT coefficients 6.8a
cpoc (Higgs-gluon) with the linear term only, 6.8b c ¢ with linear and quadratic terms, 6.8c ¢y,
(Higgs-top modifier) with the linear term only, and 6.8d c¢;, with linear and quadratic terms for
the combined ZZ — 4¢ and ZZ — 202y analyses. Only one dimension-six coefficient is fit while
the other is set to 0. The dashed lines represent scans with statistical uncertainty only while solid
lines represent scans with full systematic and statistical uncertainties. The 1 and 20 confidence
levels are calculated using the asymptotic limit.
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Figure 6.9: Projection of negative log-likelihood, —21In(\), on the plane of the dimension-six EFT
coefficients c, (Higgs-gluon) and ¢, (Higgs-top modifier) for 6.9a linear term only and 6.9b both
linear and quadratic terms included, in the combined ZZ — 4¢ and ZZ — 2{2v analyses. The
dashed curves represent scans with statistical uncertainty only while the solid curves include full
systematic and statistical uncertainties. The confidence levels are calculated using the asymptotic
approximation.
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6.9 Conclusion

Off-shell Higgs boson production with a high invariant mass at the TeV level
is potentially sensitive to new BSM physics. Additionally, the degeneracy of
the Higgs-top quark and effective Higgs-gluon couplings is broken in the off-
shell region, enabling separate measurements of the coupling modifiers.

This thesis presents the EFT interpretation of off-shell Higgs boson produc-
tion measured in the 4¢ and 2/2r channels to constrain BSM phenomena. The
theoretical frameworks based on the ¢; — ¢, and the Warsaw basis are demon-
strated, as well as how to translate between the two. This measurement is
based on 139 fb~! of proton-proton collision data at the centre-of-mass energy
of 13 TeV by the ATLAS experiment at the LHC. The Wilson coefficients
associated with the couplings are observed (expected) to be

cip = =175 (0557) 6.13
coc = 0004 (000754 o
at the 95% confidence level with dimension-six linear and quadratic contri-
butions included, where ¢, is the Higgs-top coupling modifier and c,¢ is the
Higgs-gluon coupling modifier. This thesis gives the observed event yields in
each region for both 4/ and 2¢2v decay channels and the fitted dimension-six
cross-section distributions. The two-dimensional scans are also performed, as
well as linear-only results (in Appendix D.2).
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Chapter 7

SemiConductor Tracker

In this chapter, the author presents radiation damage studies of the ATLAS
SemiConductor Tracker (SCT), supervised by Professor Tony Weidberg at the
University of Ozford. Throughout 2022 and the first half year of 2023, the
author evaluated the performance of the SemiConductor Tracker during the
Long Shutdown-2 and partial Run-3 data-taking period. No significant SC'T
performance issues were discovered. The author studied the in situ testing,
monitoring and checking of the pin current, voltage, and other quantities
and significantly improved the data acquisition post-process. Previously, this
process took several weeks, but now it only requires one day.

185



Chapter 7. SemiConductor Tracker 7.1. Introduction

7.1 Introduction

The SemiConductor Tracker (SCT) is one component of the ATLAS Inner
Detector (see Section 3.3.1 for more details). In the SCT, the control and
readout use optical links between the detector and the counting room [195,
196, 197]. The readout links are called data links. The control links include
the functions for timing, trigger and control and consequently they are called
TTC links. Each of these links connects one Vertical Cavity Surface Emitting
Laser (VCSEL) made of AlGaAs to transmit signals by converting electrical
signals to light signals and one p—t—n silicon photodiode for receiving sig-
nals by converting light signals to electrical signals. The VCSELs and PIN
photodiode are shown in Figure 7.1. This chapter presents the results of
radiation damage studies on VCSEL and PIN diode performance during the
Long Shutdown-2 and early Run-3 (2022-2023 Aug) of the LHC. Table 7.1
shows the integrated luminosity delivered at ATLAS. Section 7.2 describes the
devices for transmitting (VCSELSs) and receiving signals (PIN photodiode).
The detailed region definitions and expected particle fluences are provided in
Section 7.3, followed by in-situ measurements during the LHC operation in
Section 7.4, and finally a conclusion in Section 7.5.

This chapter is primarily based on the Run-2 studies [198] and extends their
results from Run-2 (2015-2018) up to August 2023.

Year Integrated Luminosity (fb~!)
2015 3.2
2016 38.5
2017 50.2
2018 65.2
2019-2021 Long Shutdown
2022 40
2023 Jan to Aug 30

Table 7.1: Delivered integrated luminosity at ATLAS during Run-2 and partial Run-3.
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Figure 7.1: A barrel opto-package, illustrating a PIN silicon photodiode, the VCSELs, and the
fibres held by glue. Figure reproduced from [196].

7.2 Transmitting and Receiving Signal Devices

7.2.1 Transmitting Signal Device

The VCSEL device is used to convert electrical signals to light signals and
then the signals are transmitted using the optical links. A typical VCSEL
device is shown in Figure 7.2. Particles with high energy can cause dam-
age to the bulk of the VCSELSs, leading to lattice defects in the thin GaAs
layer. These defects can impair or destroy the radiative capability, resulting
in a reduction in emission efficiency and therefore, an increase in the power
threshold [199]. To investigate the impact of radiation damage on the VC-
SELs, some studies were conducted prior to the LHC Run-2 operation [200,
198, 199] using protons with various fluences and energies.

The Non-lonising Energy Loss (NIEL) is assumed to be the major cause of
damage to the GaAs and this damage is compared to the expected damage
during SCT operation [200]. The fluences from 30 MeV protons are compa-
rable to the worst-case scenario expected for the SCT, which is three times
larger than the expected SCT operational lifetime. The power threshold in-
creases from (3.28 4+ 0.09) mA to (6.28 4+ 0.4) mA and the slope efficiency
(defined as the gradient of the laser optical power versus the driven current)
decreases to 73% from 181 pW/mA to 132 pW/mA [201]. These are both
significant. The plan is to replace the SCT with the Inner Tracker Detector
(ITk) after Run-3.
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Figure 7.2: A typical VCSEL device implemented by an active layer of semiconductor material
between two Bragg reflectors.

7.2.2 Receiving Signal Device

The PIN photodiode device is used to convert light signals sent from the
optical links to electrical signals. The radiation damage on the photodiode
was studied using proton and neutron beams with various energies [202, 203]
based on the NIEL hypothesis [204]. A rapid decrease in responsivity (defined
as the ratio of the photo-current to the optical power) was observed up to
a fluence of 2.5 x 10131MeVneq/cm2. However, beyond this fluence, the
decrease is small. A fluence of 3 x 101 MeVn,,/cm? corresponds to a 29%
decrease in the responsivity.

The depletion voltage changes were studied by analyzing the current-voltage
scans. It was observed that after a fluence of 1.5 x 10 1 MeVne,/cm? the bias
voltage increased by approximately 1 V. This increase is a factor of two larger
than predicted compared to the expected fluence after 350 fb~! luminosity.
Therefore, a significant change in depletion voltage is not expected, given the
current luminosity expected by the end of Run 3.

7.3 Region Definitions and Expected Particle Fluences

FLUKA code [205, 206] is employed to predict the radiation fluence in the
SCT. The same criteria are utilized as described in [195, 207] during simula-
tions, with the definitions of the radiation requirement included. The ATLAS
ID cross-section is provided in Figure 7.3.

The SCT regions are grouped together if they receive similar fluences. The
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Figure 7.3: Cross section of the Inner detector at ATLAS. The SCT components are labelled,
including 4 barrel layers and 9 disks.

Region Disks included
1 Disk 1 middle region and Disk 1 to 6 outer regions
2 Disks 2 to 6 middle regions, Disks 7 to 8 outer regions
3 Disks 2 to 6 inner regions, Disks 7 to 8 middle regions, and Disk 9 outer region

Table 7.2: Definition of three regions in the SCT end-cap based on similar fluences received.

fluence changes rapidly in the radial direction to the beamline (r), while in
the barrel region, the change is slow. In the end-cap region, both r and z
directions exhibit rapid fluence changes. Therefore, the analysis was con-

ducted in 4 regions in the barrel and 3 in the end-cap, which is listed in
Table 7.2.

The expected fluences in these regions are shown in Table 7.3. The values
shown have already been scaled to 1 MeV neutron fluence based on the NIEL
hypothesis [204].

Sub-detector | Fluence (10 x 1MeVne,/cm?) - fb
Barrel 3 2.52
Barrel 4 2.00
Barrel 5 1.67
Barrel 6 1.44
End-cap 1 1.69
End-cap 2 2.11
End-cap 3 2.68

Table 7.3: SCT radiation fluences simulated by FLUKA.

189



Chapter 7. SemiConductor Tracker 7.4. Measurement during LHC Operation

7.4 Measurement during LHC Operation

This section describes the measurement of radiation damage on the on-
detector VCSELs and PIN photodiode in the SCT during LHC operation.

7.4.1 Transmitting Signal Device

The data was transmitted from the detector to the counting room using
a specific coding via optical links: if a link sends a ‘0’, the drive current is
1 mA, while if it sends a ‘17, the drive current is increased to 10 mA. Therefore,
during the LHC operation, the drive current of on-detector VCSELs is 10 mA
most of the time. Special scans are performed to measure the on-detector
VCSELs using the off-detector opto-electronics [208]. In each scan, a fixed
pattern of data has been sent through the optical links and received in PIN
arrays in the Back-of-Crate (BOC) cards [209] in the counting room. Only
one channel sends data for each signal, while the other channels remain idle.
The measured photo-currents are shown in Figure 7.4 as a function of time
for barrels, crates, disks and quadrants and in Figure 7.5 as a function of
luminosity for barrels and Figures 7.6, and 7.7 for endcaps, normalized to
their original values.
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Figure 7.4: The photo-current of the on-detector VCSELSs for Barrels, Crates, Disks and Quad-
rants as a function of time in the in-situ measurement of the SCT. The average on the photo-current
is also given, on the right-hand side of each plot.
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Figure 7.6: The photo-current of the on-detector VCSELSs for the End-cap A regions as a function
of luminosity in the in-situ measurement of the SCT.
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Figure 7.7: The photo-current of the on-detector VCSELSs for the End-cap C regions as a function
of luminosity in the in-situ measurement of the SCT.

7.4.2 Receiving Signal Device

During detector operation, the on-detector PIN photodiode is measured as
well to monitor its responsivity. The current is measured by applying a bias
voltage to the PIN photodiode. The ‘pedestal’ current is also measured during
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a special run without light, and then it is subtracted from the measured
current values with light on from the off-detector VCSELs. The results of
the measured photon-currents are given in Figures 7.8 and Figures 7.9 as
a function of time, and in Figures 7.10 as a function of luminosity. The
behaviour is as expected and no significant issues have been found.
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Figure 7.8: The photo-current of the on-detector PIN photodiode for Barrels, Crates, and Disks
as a function of time in the in-situ measurement.
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as a function of time in the in-situ measurement.
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Negative Disks, and Quadrants as a function of luminosity in the in-situ measurement.
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7.5 Conclusion

The radiation damage measurements for the PIN photodiodes and VCSELs
of the SCT have shown that they remained in good condition during the
Long Shutdown-2 and have withstood the radiation damage from the early
Run-3 LHC (2022 to 2023 Aug) data-taking period. The observed radiation
damage to the VCSELs is expected based on the extrapolation from Run-
2 (years 2015, 2016, 2017 and 2018) with respect to luminosity. Further
monitoring and in-situ measurement of the PIN VCSELs and photodiodes
will be necessary over the full LHC Run-3 data-taking period.
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Conclusions and Future Prospects

The Higgs boson plays a central role in the Standard Model. Its on-shell
observation was achieved in 2012. Ten years after the discovery of the on-shell
Higgs boson, we found evidence of the off-shell Higgs at a confidence level of
3.20 in 2022. By combining the off-shell and on-shell Higgs measurements, the
Higgs width can be constrained to 4.5752 MeV and the observed (expected)
upper limit on the total width is 10.5 (10.9) MeV at a 95 % confidence level.
This represents the most precise measurement to date.

Future colliders can constrain the Higgs total width further. Figure 8.1
presents the projected Higgs total width constraints by various colliders com-
pared to the current LHC Run-2 results (75% on the relative uncertainty)
at ATLAS [190] (this thesis) and CMS [176]. The relative uncertainty in
the HL-LHC can be further reduced to 20% [132] using the combined off-
shell and on-shell Higgs method, the same method used in this thesis. The
HL-LHC result is extracted only from the H — ZZ — 4¢ channel. By
combining the additional H — ZZ — 202v and H — WW channels, the
constraint on the Higgs total width will be further improved. At lepton col-
liders, the Higgs total width is measured using the recoil mass method. The
FCC-ee [210], CEPC [211] and CLIC [213] projections are based on the k-
framework, whereas ILC [212] employs the EFT framework. The recoil mass
method and the two frameworks are elaborated in Section 5.2. Precise mea-
surements of the Higgs total width are crucial for testing the SM and probing
for potential BSM effects.

Regarding the discovery of the off-shell Higgs boson at a 5o confidence level,
from the author’s perspective, the combination of the current ATLAS and
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Figure 8.1: Higgs width constraints in different experiments with their integrated luminosity and
centre-of-mass energy. The y-axis is the relative error in Higgs width measurement (AT'y/I'g).
The z-axis lists different experiments. A 75% relative error on the Higgs total width at ATLAS
or CMS is achieved for LHC Run-2. The projected HL-LHC can further reduce the relative error
to 20%. Lepton colliders, such as the FCC-ee [210], CEPC [211], ILC [212] and CLIC [213] can
constrain the Higgs total width to the percent or sub-percent level. Detailed information can be
found in Section 5.2.

CMS Higgs to ZZ results will lead to approximately 5o. Additionally, the
combination of the off-shell Higgs to the WW and ZZ channels will certainly
achieve 5o. Individual channel observation of the off-shell Higgs at ATLAS

or CMS requires the combination of the full Run-2 and early Run-3 data set
of 150 fb~1.

Off-shell Higgs boson production at high invariant masses in the TeV range
is potentially sensitive to new physics beyond the Standard Model. Further-
more, the degeneracy between the Higgs-top quark and effective Higgs-gluon
couplings is broken in the off-shell region, allowing for independent measure-
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ments of the coupling modifiers. The Wilson coefficients associated with these
couplings are observed (expected) to be —17§? (0%47) for ¢, (Higgs-top cou-
pling modifier) and 0.00%(03 (0.007903) for c,¢ (Higgs-gluon coupling modi-
fier) at the 95% confidence level, including dimension-six linear and quadratic
contributions. These results are comparable in precision to the results of the
ttH analysis.

Theorists suggest that the off-shell Higgs to ZZ to 4¢ channel can also be
utilized to constrain the Higgs self-coupling, and would be on a par with the
di-Higgs to bbrT channel. By combining the ZZ — 2¢2v and Higgs to WV
channel, the sensitivity will be significantly increased. The results of this
analysis will be provided soon.

All analyses mentioned above rely on effective muon combined performance
and pile-up mitigation. The muon isolation working point is extended from
above 4 GeV to above 3 GeV for the entire Run-2 dataset. Various methods
have been implemented to mitigate the backgrounds, leading to a 70% reduc-
tion in the systematic uncertainties in the low transverse momentum region.
The current pileup subtraction method, which treats pileup energy density
as a constant, remains suitable for Run-2. However, for Run-3 and HL-LHC,
it is important to account for pileup energy as a function of pseudorapidity.
The forward Jet-vertex tagger proves to be powerful, demonstrating a 36%
reduction in VBEF pileup jets while retaining 98.4% of the hard-scattering jets
present in signals.

The Semiconductor Tracker detector (SCT), a crucial component of the ATLAS
inner detector, remains in good condition during the Long Shutdown-2 and
early Run-3 periods. Continuous monitoring is necessary until it is replaced
by the new ATLAS inner tracker detector system during Long Shutdown-3.
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Appendix A

Deriving Higgs Boson Lifetime from
Lab Measurements

This section provides the detailed derivation of the lifetime of the Higgs
boson in its rest frame using the lab frame measurements, as shown in Equa-
tion 5.3.

The lifetime of the Higgs boson in its rest frame (7est) can be related to the
lifetime in the lab frame (71,;,) through time dilation:

Tlab = 7Y Trest (Al)
where v is the Lorentz factor.
In the lab frame, A
Tla
Tab — lab (A2)
v
and
Dlab = YNV (A.3)

where Ary,, is the displacement vector of the Higgs decay vertex and Higgs
production vertex in the lab frame, myg is the invariant mass of this Higgs
boson, and p,,;, is its momentum in the lab frame.

From the above equations, we have
Tab AT, My
vy P1ab

(ATjap - Prab) (A.4)

Trest =

which is consistent with Equation 5.3.
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Matrix Element Method

The matrix element method is a powerful computational technique exten-
sively used in particle physics. It is based on the probability of particle
occurrence, formulated by the wave functions in quantum theory.

With a history spanning over 20 years [214], the matrix element method is a
multivariate approach that utilizes the inputs of particle transverse momen-
tum, mass and angular information. Unlike other multivariate methods, such
as the boosted-decision tree method [215] or neural network-based methods,
the matrix element method has a physical interpretation as it directly repre-
sents the physical probability. This method has been employed in numerous
analyses, not only in the study of the SM but also in BSM research, covering
diverse areas such as top-quark, B physics, and Higgs analyses. It has been
successfully used in experiments like D@, CDF, ATLAS and CMS.

An example showcasing the calculation of the matrix element for ete™ —
Z — ptp~ in Figure B.1 is provided here.

From the Feynman rules [217], the e*e™ vertex is represented as:

— - 1 e €
v(pa) - _ZgZ’Y#E(CV — 57’ - ulp), (B.1)
The Z propagator is given by:
_igpu
—_—t B.2
— (B2
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Figure B.1: Diagram of ete™ — Z — p*p~. Figure reproduced from [216].

and the u™p~ vertex is described as:

a(ps) - —iggy 2 (ch — P - w(pa) (B.3)

2
The matrix element is obtained by taking the product of the ete™ vertex, the
Z propagator, and the "~ vertex, and then dividing the result by —i:

87 Lo

My; = _mgw[ﬁ(pz)v“%(cev—CW) u(p)]-[a(ps)y" 5 (e = i) - v(pa)]
(B.4)

In the above equation, once the complete information about the incoming and
outgoing particles, i.e. their 4-vector information pi, ps, p3, p4, is known, the
matrix element can be evaluated.

Similarly, for a process in this analysis, such as gg -+ H — ZZ — 4¢ (shown
in Figure B.2), the full information (F, p) of the outgoing particles, the four
leptons, can be extracted from the detector.

The only information required is the full information of the incoming parti-
cles, i.e., the two incoming gluons. Fortunately, using the energy and mo-
mentum conservation laws:

Egl + Eg‘Z = EHiggs = Ey (B 5)

pgl + pg? - pHiggs = Py
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Figure B.2: Diagram of gg > h — ZZ — 4¢.

and considering the mass of gluons to be zero:
Egl = ‘pgllcv EgQ = ‘sz‘ca (BG)

the full information of the two incoming gluons can be easily computed.

At this point, all necessary information (both the full information of the
outgoing and incoming particles) required to calculate the matrix element
of the process gg — H — ZZ — 4/( is known. In practice, software pack-
ages are used for performing the matrix element calculations. For example,
MADGRAPH provides a tool for Python and C++ code in [218, 219]. A
detailed tutorial written by the author on how to use MADGRAPH to cal-
culate the matrix element of effective field theory dimension-six processes, is
available [220].

It should be noted that in the MC simulations, the matrix element is used
to reweight the events. For instance, the q¢ — ZZ — 4/ event, denoted as
EVT qqzz, 1s simulated by reweighting raw samples with the matrix element
of q¢g — ZZ — 4¢, denoted as M qzz.

To illustrate the core idea of the matrix element method, let us consider a
specific case. In the analysis of Effective field theory (EFT) (further details
in Chapter 6), the signal corresponds to the Higgs-gluon dimension-six op-
erator, such as the linear operator OpgSM (interference term of Higgs-gluon
dimension-six and standard model process), while the backgrounds are ¢ —
Z7Z — 4 and gg — ZZ — 40. The events EVT gz, EVT gezz, EVT 0peshi
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are reweighted using the corresponding the matrix elements M7z, Mge77,
Mopesm, as shown in Figure B.3.

Evt ..(q1,92 11,13, 13,14)

q9zZ bdthzz qqZZ

gglZ

OpgSM J”Opgsm E’r}topgSM(gp 82l 12,13, 14)

— <
%
99ZZ M gg17 Evt,,,, (81,82 11,1213, 14)
%
—
%

Figure B.3: Events in MC generators are generated by reweighting raw samples using the corre-
sponding matrix elements.

Now, let us consider what would happen if we use the full information of
the incoming and outgoing particles of the OpgSM events to feed the matrix
element of q¢ — ZZ — 4. This scenario can be denoted as:

P(gVTOpgSMU\/quZZ) (B?)
or be interpreted as the probability of EVT gpesm on Myqzz. A schematic
representation is provided in Figure B.4.

Let us consider three probabilities or projections: the event OpgSM onto the
matrix element of q¢ — ZZ — 40, g9 — ZZ — 44, and OpgSM:

P (5VTOpgSM‘quZZ)
P(SVTOpgSM‘MggZZ) <B~8)
P(EVT opgsm| Mopgsu)

It is reasonable to guess that the last one P(EVT opesm|Mopgsnm) is larger
than the others because EVT opesm is generated using Mopegm. In other
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Probability

P( EvtOpgSM | cﬂqqZZ)

Projection

Figure B.4: The core idea of the matrix-element method. Events q¢ — ZZ, g9 — ZZ and
EFT dim-6 interference OpgSM are generated by using their own matrix elements, Mqqz7, Mgez7,
Mopgsm, respectively. The matrix element can be interpreted as the eigenvector of the correspond-
ing event. Clearly, the projection of one event on its own matrix element vector is larger than that
on other matrix element vectors. By constructing the discriminant vector intelligently, one type of
event can be effectively separated from other types, as described in the main text.

words, Mopssm is the eigenvector of EVT gpesm, but not the eigenvector of

Before examining the results presented below, it is worth considering this
more here:

e What is the true relationship between the event and the matrix
element?

What is the meaning of projection or probability?

Is there a better way to interpret this relationship?

What is the connection to quantum theory, Lagrangian, and
the variational principle?

Is there a more effective method to construct the eigenvector
to separate qq@ —+ 27 — 4{, g9 — ZZ — 4¢, and OpgSM events?
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e Are the three eigenvectors orthogonal? If not, is it possible to
construct three orthogonal vectors? How can this be accom-
plished and would it be more beneficial?

e What is the meaning of plotting the cross-section distribution
versus my (e.g., in Figure B.6a), pp? Does this mean the pro-
jection of the events onto a generalized vector my, py?

e Does the neural network-based method mean projecting events
on a specific trained and obtained vector, i.e., a score?

e And so on ...
There is no doubt that there are many aspects to consider and explore.

Now, let us examine the event distributions based on the three matrix ele-
ments or three eigenvectors: Mqzz, Myezz and Mopesm. The results are
presented in Figure B.5. Since the matrix element values are exponentially
small (1073 to 1071%), the logarithm of the matrix element is used.

From Figure B.5, it can be observed that the OpgSM events have smaller
values in log(Myqzz) and log(Mggzz), but larger values in their own eigen-
vector, log(Mopesm), compared to ¢q¢ — ZZ and gg — ZZ events. To see
this another way, ¢q¢ — ZZ and gg — ZZ events are smaller in log(Mopesm),
but larger in log(Mqzz) and log(Mgezz).

It is important to note that the ultimate goal is to separate the signal event
OpgSM from the background events q¢g — ZZ and g9 — ZZ. In the new
constructed discriminant:

M
P(EVT opesu | log ( v Zz(iigj\l\ftggzz )) 3
qq

M
P(5Vquzz, EVngZZ ‘ log ( M Zz?igj\lﬁ ~ )) \L
qq gg

the OpgSM event becomes even larger and q¢ — ZZ, g9 — ZZ events
becomes even smaller. This discriminant can be defined as follows:
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8 0s0d|— qqZZ events 8 —— qqZZ events
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Figure B.5: Normalized distributions of q¢ — ZZ, g9 — ZZ and EFT dim-6 interference OpgSM
events as functions of the matrix elements.
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‘ MOpgSM
quZZ + MggZZ

Dy = log (

) (B.10)

The event distributions for the discriminant Dy are presented in Figure B.6,
along with the myy plot for comparison.

= qqZZ events
06 = ggZZ events
—— OpgSM events

— qqZZ events
— ggZZ events
—— OpgSM events
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Normalized
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my; [GEV] DME
(a) (b)

Figure B.6: Comparison of normalized distributions for the mass observable m4y and the matrix-
element-based discriminant Dy (defined in Equation B.10) for three different types of events,
including backgrounds: qG — ZZ and g9 — ZZ and signal: EFT dim-6 interference OpgSM
events.

The negative log-likelihood curves for my and the matrix-element based dis-
criminant Dy are shown in Figure B.7 for one-dimensional fits and in Fig-
ure B.8 for cpG-ctp two-dimensional fit. Here, the dimension refers to the
number of EFT coefficients, while ¢cpG and ctp are EFT Higgs-gluon and
Higgs-top coupling modifiers, respectively.

It is evident that the matrix-element-based method outperforms the tradi-
tional mass observable myy, especially in the linear-only fits.

The limitations of the matrix element-based method.

It is important to acknowledge the limitations of the matrix-element-based
method. The matrix element is an invariant quantity, and its calculation
does not include the kinematic observables of the entire system, such as the
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Figure B.7: Improvements of the matrix-element-based method are 30% for EFT dim-6 linear
negative log-likelihood fits and 10% for EFT dim-6 linear plus quadratic fits, compared to the
mass observable. The c¢pG and ctp parameters are EFT dim-6 Higgs-gluon and Higgs-top coupling

Linear term only:

ME: nll=4, x=['-38.7756', '34.3170’]
m4l: nll=4, x=['-57.9034", '54.1364’]
improvements: ['33.034%', '36.610%"]

(c)

modifiers, respectively.

transverse momentum p%Z (including both its magnitude and angular infor-
mation). Additionally, the matrix element calculation does not account for
jet information, parton shower, hadronization and detector response. These
additional pieces of information, in conjunction with the matrix element val-

~—— DME lin_only
mdl lin_only
03 02 a1 ao a1 02 03
opG
Linear term only:
ME: nll=4, x=["'-0.1343', '0.1606']
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ME: nll=4, x=['-0.0917', '0.0610']
m4l: nll=4, x=['-0.0992', '0.0735']
improvements: ['7.560%', '17.007%']
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improvements: ['21.085%", '10.500%']

(d)

ues, can be incorporated into a neural network for training.

Moreover, the construction of the discriminant in Equation B.10 is not the

only possible approach and there are many other variations to consider:
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Figure B.8: Improvements of the matrix-element-based method in negative log-likelihood fits for
EFT dim-6 linear and linear plus quadratic terms in 2D fits, compared to the mass observable.

log <‘ MOpgSqrd )
quZZ + MggZZ

lo ( Mopgsnt + Mopgsard ) (B.11)
g
quZZ + MggZZ

lOg ( MOpgSM X MOpgSqrd >
Maqzz X Megzz

Furthermore, the interference terms in the standard off-shell Higgs analysis
are not included either in the current approach. The per-event information
in the histogram-based method shown in Figure B.6 is also disregarded.

From a computational perspective, the calculation of matrix elements is ex-
pensive. It requires considerable computational resources with each matrix
element calculation for OpgSM events taking one CPU and one hour for three
thousand events. Given that Run 2 of LHC typically involves tens of millions
of MC raw events, this would necessitate 1000 CPUs for one day. In the era
of HL-LHC, with even larger datasets, it would require 40 thousand CPUs for
one day, which is not feasible. A recent study [221] presented at Snowmass
2021 demonstrates that machine learning methods can be employed to sim-
ulate the matrix element calculation and reduce the required computational
resources.
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Off-shell Higgs Cross-Section
Measurement
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Appendix C. Off-shell Higgs C.0. Categorization Optimization

C.1 Optimization of the Signal Region Categorization

In the analysis of H — ZZ — 4{ decay, the author had undertaken an
optimization of the categorization strategy. The outcomes of this optimiza-
tion indicate that incorporating jets as signatures of the Vector Boson Fusion
(VBF) process can enhance the separation between VBF signals and other
signal processes, consequently improving the analysis sensitivity since back-
grounds tend to exhibit fewer or even zero jets. The specifics of this opti-
mization are detailed in the 1-jet signal region (referred to as Mixed SR) in
Section C.1.1, and the 2+4-jet signal region (referred to as EW SR) in Sec-
tion C.1.2. These analyses are based upon prior work, which is documented
in Table C.1. For simplicity, only signal regions are discussed here. The per-
formance is evaluated using the negative log-likelihood (NLL), as elaborated
in Section 5.7.

Sub-regions | Enriched events Selections
SR ggF SR ggF signals Niets = 00T (Njets > 2 && Any; < 4.0)
VBF SR VBF signals Njets > 2 && An;; > 4.0

Table C.1: Previous definitions and selections of signal regions and control regions in the ZZ — 4/
analysis.

C.1.1 Optimization in the 1-jet Region

Two variables are exploited in this region:
e jet,: jet pseudo-rapidity,

e min(|Any|): minimum An between the jet and the four leptons.

Figure C.1 shows the performance of a cut on the variable nj.. Most of the
VBEF signals (indicated by the solid orange curve) predominantly occupy the
forward region (|n| > 2.5), while the major background ¢g — and ggF are
concentrated in the central region (|n| < 2.5). Notably, an enhancement in
pisE=1 is observed, improving from 6.73 to 6.34 (Figure C.1b), achieved by
implementing a cut |nj| > 2.2 in the VBF 1-jet region. Similarly, based on

the cut min(|Any|) > 1.7, an improvement from 6.73 to 6.36 (Figure C.2b)
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| NLL comparison of different region definitions
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(a) Event distributions for 7)c in the 1-jet region. (b) pypp * versus |njet| cut

Figure C.1: The performance of variable nje;. The left plot depicts the event distributions for njes
in the 1-jet region. The plot style follows conventions in Figure 5.4. The right plot illustrates the
VBF signal strength pver at NLL = 4 as a function of the |njet| cut on the left plot, with peer fixed
to 1. A comparison is made between the old approach (in blue), and the one the author proposed
(in red) within the 1-jet region.

in ,u%%%:‘l is evident within the VBF 1-jet region.

ggF vs VBF vs qqZZ
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Figure C.2: Variable min(]Any|) performance. The format and style of the plots are consistent
with those in Figure C.1.

Further investigations reveal that the combined impact of 7;e, and min(|An;|)
yields only marginal improvement relative to their individual contributions.
The performance characteristics of these two variables are comparable. For
the sake of simplicity, 9 is chosen as the discriminant variable for the VBF
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Figure C.3: Comparisons of NLL versus pypr and pvpr-pieer for the old categorization method
in blue and the latest method in red.

1-jet region, as outlined in Table 5.3.

Comparisons of the negative log-likelihood curves versus pypr and the 2D
pvBF-Ueer are presented in Figure C.3. However, the incorporation of the
1-jet region yields marginal enhancement in pe.r. This result is expected, as
jets preferentially distributed in the forward region are distinctive features of

the VBF signals.

C.1.2 Optimization in the 24-jet Region

The variable min(|Any|) exhibits efficacy not only in the 1-jet region but
also manifests utility in the VBF 2+4-jet region. Figure C.4 shows that the
pNEE=4 improves from 6.73 to 6.49, by implementing a cut min(|Any|) > 0.6
in the VBF 24-jet region. Given the current low statistics in this region, the
application of the cut is presently deferred. However, in the future, it can be

considered if more data are collected.
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Figure C.4: Variable min(|Anj|) performance in VBF 2+-jet region. The format and style of the
plots are consistent with those in Figure C.1.
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C.2 Asymptotic Results in the 77 — 4/ Channel
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Figure C.5: The likelihood profile, -2 In A, as a function of the off-shell Higgs boson signal strength
(a) in ggF and VBF production mode combined fiofshell (Hofi-shell = fggF = HvBF), (b) in ggF
production mode only figer (Lofi-shell = tger and pypr = 1), and (c) in VBF production mode only
UVBF (Moffshell = MvBF and figer = 1) for the H* — ZZ — 4¢ analysis. The horizontal dotted
lines correspond to the one- and two-standard deviation confidence intervals on the measurement
obtained in the asymptotic approximation.
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C.2.

Asymptotic Results in the ZZ — 4¢ Channel
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Figure C.6: Projection of negative log-likelihood profile, —21In A, on the plane of the off-shell
Higgs boson signal strength piger in the ggF production mode and pygr in the VBF production
mode for (a) expected results and (b) observed results, for the H* — ZZ — 4¢ analysis. The results
with statistical uncertainty only in black contours are compared to those with all uncertainties in
blue contours. The solid and dotted contours correspond to 95% and 68% confidence level limits,

respectively, in the asymptotic approximation.
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C.3 Asymptotic Results in the ZZ — 2/2v Channel
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Figure C.7: The likelihood profile, -2 In A, as a function of the off-shell Higgs boson signal strength
(a) in ggF and VBF production mode combined fiofshell (Hofi-shell = fggF = HvBF), (b) in ggF

production mode only figer (Lofi-shell = tger and pypr = 1), and (c) in VBF production mode only
UVBF (Mofi-shell = pvBF and piger = 1) for the H* — ZZ — 2(2v analysis. The horizontal dotted

lines correspond to the one- and two-standard deviation confidence intervals on the measurement

obtained in the asymptotic approximation.
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Figure C.8: Projection of negative log-likelihood profile, —21n A, on the plane of the off-shell Higgs
boson signal strength e in the gglF production mode and pygr in the VBF production mode for
(a) expected results and (b) observed results, for the H* — ZZ — 202v analysis. The results with
statistical uncertainty only in black contours are compared to those with all uncertainties in blue
contours. The solid and dotted contours correspond to 95% and 68% confidence levels, respectively,
in the asymptotic approximation.
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C.4 Asymptotic Results in 4/ and 2/2r Combined
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Figure C.9: The likelihood profile, -2In A, as a function of pog.shen a, ,uiﬁiheu b and N(\)/ffl?theu C
for the combined 4¢ and 2¢2v channels. The observed (expected) results are shown in black (blue)
curves. Dotted (solid) curves represent statistic error (full systematics) included. The horizontal
dotted lines correspond to one and two standard deviation confidence intervals on the measurement

calculated by the asymptotic method.
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Figure C.10: The likelihood profile, -2In A, as a function of pger and pyvpr for the 4¢ and 2/2v
combined results for a the expected and b observed results. The black (blue) marker represents the
best-fit value using the observed (Asimov) data.
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C.5 Asymptotic Results in On- and Off-shell Combined
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Figure C.11: The likelihood profile, -21n A, as a function of the a I'gy/ FJSLIM and b pon-ghen for the
combined on-shell and 4¢ and 2¢2v off-shell analyses. The observed (expected) results are shown
in black (blue) curves. Dotted (solid) curves represent statistic error (full systematics) included.
The horizontal dotted lines correspond to one and two standard deviation confidence intervals on

the measurement calculated by the asymptotic method.
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Figure C.12: The likelihood profile, -21n A, as a function of the a Niiiheu’ b NXrEsPileH’ ¢ Ryy and d
Ry vy for the combined on-shell and off-shell results. The observed (expected) results are shown in
black (blue) curves. Dotted (solid) curves represent statistic error (full systematics) included. The
horizontal dotted lines correspond to one and two standard deviation confidence intervals on the
measurement calculated by the asymptotic method.
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Figure C.13: The likelihood proﬁle7 -2In A\, for the combination of the on-shell and off-shell
analyses as a function of the ,uon shepp and ,LLXIESI“LGH for the a expected and b observed results, as
well as the Ry and Ryy results. The solid and dotted contours correspond to 95% and 68% C.L.
intervals, respectively. The black (blue) marker represents the best-fit value determined using the
observed (Asimov) data.
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Appendix D

Effective field theory interpretation

D.1 Cross-section distributions in the inclusive region
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Figure D.1: Cross-section distributions of the EFT dimension-six operators in the 4¢ decay
channel, plotted as a function of mye, including the Oy¢ linear term (O, eSM), the O, quadratic
term (O, gSquared), the Oy, linear term (O, SM), and the Oy, quadratic term (O;,Squared). Also
shown for comparison are two SM processes, qq — ZZ production and the total g¢g — ZZ SBIL.
The EFT dimension-six coefficients are set to their own upper 95% limit.
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Figure D.2: Cross-section distributions of the EFT dimension-six operators in the 2¢2v decay
channel, plotted vs. m%Z , including the Oy linear term (O,gSM), the Oy,¢ quadratic term
(OyaSquared), the Oy, linear term (O ,SM) and the Oy, quadratic term (O,Squared). SM
processes are shown for comparison, the combined gq+ gg — ZZ and other relevant processes. The

EFT dimension-six coefficients are set to their own upper 95% limit.
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D.2 Cross-section distributions in the linear-only fit
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Figure D.3: Event cross-section distributions for the 4¢ channel in D.3a the ggF SR, D.3b the
mixed SR, and D.3c the EW SR, plotted versus the neural network based observables. Only the
dimension-six linear contribution O,SM (dashed magenta lines) is considered in the fit. In the top
panel, the black dots with error bars are the observed data, while the blue area represents the SM
prediction (blue area) including the dominant background qq — ZZ, the g9 — (H* —)ZZ process
(signal plus background plus interference), and the EW qq — (H* —)ZZ + 2j process (signal plus
background plus interference), as well as the minor backgrounds (Z+jets, t¢, triboson and ttV).
The EFT dimension-six linear contribution is given with the observed best-fit value from the linear
fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The bottom panels
show the ratios to SM prediction. The total systematic uncertainties described in Section 6.7 are
illustrated by the hatched area.
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Figure D.4: Event cross-section distributions for the 4¢ channel in D.4a the ggF SR, D.4b the
mixed SR, and D.4c the EW SR, plotted versus the neural network based observables. Only the
dimension-six linear contribution Oy,SM (dashed orange lines) is considered in the fit. In the
top panel, the black dots with error bars are the observed data, while the blue area represents
the SM prediction including the dominant background qq¢ — ZZ, the g9 — (H* —)ZZ process
(signal plus background plus interference), and the EW gqq — (H* —)ZZ + 2j process (signal plus
background plus interference), as well as the minor backgrounds (Z+jets, tt, triboson and V).
The EFT dimension-six linear contribution is given with the observed best-fit value from the linear
fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The underflow and
overflow are included in the first and last bin, respectively. The bottom panels show the ratios to

the SM prediction. The total systematic uncertainties described in Section 6.7 are illustrated by
the hatched area.
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Figure D.5: Event cross-section distributions for the 2¢2v channel in D.5a the ggF SR, D.5b the
mixed SR, and D.5c the EW SR, plotted versus the transverse mass m%z . Only the dimension-six
linear contribution O,SM (dashed magenta lines) is considered in the fit. In the top panel, the
black dots with error bars are the observed data, while the blue area represents the SM prediction
including the dominant background qq — ZZ, the W Z, non-resonant ¢/, and Z+jets backgrounds,
the g9 — (H* —)ZZ process (signal plus background plus interference), the EW ¢qq¢ — (H* —
)ZZ + 2j process (signal plus background plus interference) and the minor backgrounds (triboson
and ttV). The EFT dimension-six linear contribution is given with the observed best-fit value from
the linear fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The
underflow and overflow are included in the first and last bin, respectively. The bottom panels show
the ratios to the SM prediction. The total systematic uncertainties described in Section 6.7 are
illustrated by the hatched area.
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Figure D.6: Event cross-section distributions for the 2¢2v channel in D.6a the ggF SR, D.6b the
mixed SR, D.6c and the EW SR, plotted versus the transverse mass m%z . Only the dimension-six
linear contribution Oy,SM (dashed orange lines) is considered in the fit. In the top panel, the
black dots with error bars are the observed data, while the blue area represents the SM prediction
including the dominant background qq — ZZ, the W Z, non-resonant ¢/, and Z+jets backgrounds,
the g9 — (H* —)ZZ process (signal plus background plus interference), the EW ¢qq¢ — (H* —
)ZZ + 2j process (signal plus background plus interference) and the minor backgrounds (triboson
and ttV). The EFT dimension-six linear contribution is given with the observed best-fit value from
the linear fit as well as that of SM gg — (H* —)ZZ (solid green lines), for comparison. The
underflow and overflow are included in the first and last bins, respectively. The bottom panels
show the ratios to the SM prediction. The total systematic uncertainties described in Section 6.7
are illustrated by the hatched area.
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D.3 Results in the individual 77 — 4/ channel
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Figure D.7: Negative log-likelihood, —21n(\), as a function of dimension-six EFT coefficients
D.7a c,q (Higgs-gluon) with linear term only, D.7b ¢ ¢ with linear and quadratic terms, D.7c ¢,
(Higgs-top modifier) with linear term only, and D.7d ¢, with linear and quadratic terms for the
analysis of the ZZ — 4¢ channel. The dashed curves represent scans with statistical uncertainty
only while the scans with full systematic and statistical uncertainties are drawn in the solid curves.
The 1 and 20 confidence levels are calculated using the asymptotic limit.
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Figure D.8: Projection of negative log-likelihood, —21In(\), on the plane of the dimension-six
EFT coefficients c,¢ (Higgs-gluon) and ¢, (Higgs-top modifier) for D.8a linear term only and
D.8b both linear and quadratic terms included, in the analysis of the ZZ — 4 channel. The
boundaries of Figure D.8a axes are restricted to the EFT validity region: for ¢, < —0.5 the fitted
total yield would be negative, thus invalidating the interpretation. The dashed curves represent
scans with statistical uncertainty only while the solid curves include full systematic and statistical
uncertainties. The confidence levels are calculated using the asymptotic approximation.
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D.4 Results in the individual 77 — 2/2v channel
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Figure D.9: Negative log-likelihood, —21n(\), as a function of dimension-six EFT coefficients
D.9a c,q (Higgs-gluon) with linear term only, D.9b ¢, ¢ with linear and quadratic terms, D.9¢c ¢,
(Higgs-top modifier) with linear term only, and D.9d ¢, with linear and quadratic terms for the
analysis of the ZZ — 2£2v channel. The dashed curves represent scans with statistical uncertainty
only while the scans with full systematic and statistical uncertainties are drawn in the solid curves.
The 1 and 20 confidence levels are calculated using the asymptotic limit.
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Figure D.10: Projection of negative log-likelihood, —21n(\), on the plane of the dimension-six
EFT coefficients c, ¢ (Higgs-gluon) and ¢, (Higgs-top modifier) for D.10a linear term only and
D.10b both linear and quadratic terms included, in the analysis of the ZZ — 202v channel. The
dashed curves represent scans with statistical uncertainty only while the solid curves include full
systematic and statistical uncertainties. The confidence levels are calculated using the asymptotic
approximation.
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Appendix E

Event display

This is a pp — ZZ(— 2/:2¢) + 2 jets VBF/VH candi-
date from proton-proton collisions at a center of mass
energy of 13 TeV as seen in the ATLAS detector.

mye = 611 GeV

PP T
mj; = 2.8 TeV

ATLAS

EXPERIMENT
Run: 304128
Event: 1725860339
2016-07-20 01:48:07 CEST

Figure E.1: A pp — ZZ(— 2u2e) + 2 jets VBF/VH candidate from proton-proton collisions at a
centre of mass energy of 13 TeV as seen in the ATLAS detector, with m4, = 611 GeV and m;; = 2.8
TeV. The red lines indicate muons and the green curves represent electrons. Two forward energetic
jets are shown as yellow cones.
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Appendix E. Event display

This is a pp = ZZ(— 2,2v) + 2 jets VBF/VH candi-
date from proton-proton collisions at a center of mass
energy of 13 TeV as seen in the ATLAS detector.

III%Z =611 GeV
Episs = 272 GeV

mj; = 2.0 TeV

ATLAS

EXPERIMENT
Run: 337662
Event: 1311762152
2017-10-09 23:22:39 CEST

Figure E.2: A pp — ZZ(— 2p2v) + 2 jets VBF/VH candidate from proton-proton collisions at a
centre of mass energy of 13 TeV as seen in the ATLAS detector, with m%z = 611 GeV, ERss = 272
GeV and m;; = 2.0 TeV. The red lines indicate muons. Two forward energetic jets are shown as
yellow cones.
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