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Abstract

The Standard Model (SM) of particle physics, while highly successful, has known limitations.
The decoupling theorem and the effective principle guide Beyond the SM Physics research by
allowing us to describe dynamics at relevant length scales without fully understanding smaller-
scale interactions. The Standard Model Effective Field Theory (SMEFT) builds on these concepts,
treating the SM as a low-energy approximation of a deeper, more fundamental theory. This
fundamental theory introduces new heavy particles at a higher energy scale, A. By integrating
out these beyond-the-Standard-Model (BSM) particles, SMEFT offers a model-independent way
to describe their potential effects.

This thesis focuses on electroweak processes involving the coupling of the W and Z bosons,
where both bosons decay into leptonic final states. The data used to perform this analysis cor-
respond to the full ATLAS Run-2 dataset, collected from 2015 to 2018, and correspond to an
integrated luminosity of 139 fb~! and a centre-of-mass energy of /s = 13 TeV.

Multiple kinematic and angular observables are used to constrain the strength of ten SMEFT
parameters that affect the W Z channel. Additionally, the thesis includes a study of the interfer-
ence between different EFT operators, which is a novel contribution to the W Z channel. The
results are interpreted in the context of comparing data with the SMEFT predictions and exclu-
sion limits are set at 95% confidence level. No significant deviation from the Standard Model is
observed for most of the 1D and 2D particle-level fits. Strong constraints on cW and cHj3 have
been obtained across all observables.

These results provide a deeper understanding of potential deviations from the Standard Model
and contribute to the ongoing search for new physics.
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CHAPTER 1

Introduction

For millennia, humanity has been driven by an insatiable curiosity to understand the fundamen-
tal building blocks of nature and the forces that they interact with. In contemporary fundamental
physics, two cornerstone theories describe our understanding of all four known fundamental in-
teractions in the universe. Einstein’s General Relativity (GR) elegantly describes gravity as the
curvature of spacetime caused by mass and energy [1], while the Standard Model of Particle
Physics (SM) successfully characterizes the electromagnetic, weak, and strong nuclear forces
[2-5].

The Standard Model has not only endured numerous experimental tests over the years but has
also provided accurate predictions that subsequent experiments validated. A significant achieve-
ment for the theory came in 2012 with the discovery of the Higgs boson by the ATLAS [6] and
CMS [7] collaborations at the Large Hadron Collider (LHC), representing the latest milestone in
its ongoing success. Despite its successes, both theoretical insights and experimental evidence
indicate that the Standard Model is only an approximation of a deeper, more fundamental theory
of nature.

Physics, in a sense, is effective. For example, when analysing the motion of a projectile,
such as a ball thrown into the air, it is not necessary to account for the detailed interactions
of air molecules or the atomic structure of the ball. Instead, engineers and physicists rely on
the principles of classical mechanics, which use macroscopic parameters like initial velocity,
projection angle, gravity, and air resistance to predict the trajectory. This separation of scales,
allows one to study phenomena by focusing on the most relevant factors at a particular scale
of observation while effectively disregarding details at other scales. The principle of separation
of scales is foundational to the development of effective theories in physics. An effective theory
describes a system’s behaviour accurately within a specific range or scale without needing to
account for all underlying interactions [8].

In this spirit, the Standard Model can be viewed as an effective theory — a low energy approx-
imation of a more fundamental framework that may contain new, yet-undiscovered particles at



a higher energy scale A. One powerful approach to systematically explore deviations from the
Standard Model is the Standard Model Effective Field Theory (SMEFT) [9], in which higher-
dimensional operators are introduced to parameterise potential effects of new physics. These
additional operators modify Standard Model interactions. One such interaction includes the
triple-gauge coupling (TGC), which governs the behaviour of the electroweak bosons. While the
SM explicitly predicts specific, non-zero values for these couplings based on its gauge symmetry,
deviations from these predictions (termed anomalous TGCs, aTGCs) can signal potential Beyond
the Standard Model (BSM) physics [10, 11].

One of the most promising processes to probe such deviations is the production of ¥ Z boson
pairs in proton—proton collisions, specifically in the fully leptonic decay channel, pp - WZ —
¢vll. This process is particularly sensitive to modifications in electroweak interactions and can
provide insight into the structure of the WW Z triple-gauge coupling. By studying kinematic
distributions of the bosons, as well as angular observables related to the decay products of the
bosons, it is possible to identify subtle effects that may indicate physics beyond the Standard
Model. At high boson energies, new physics contributions could manifest as deviations in the
measured cross-section, even if direct discoveries remain out of reach at current collider energies.

This thesis uses the full dataset collected by the ATLAS detector during Run-2 of the LHC
(2015-2018), corresponding to an integrated luminosity of 139 fb~! at a centre-of-mass energy
of 13 TeV. By analysing both kinematic and angular distributions, this work provides a detailed
SMEFT interpretation of the W Z process, not only considering interference between SMEFT and
Standard Model operators at first order but also including for the first time, second-order effects
where SMEFT operators interact with each other. The use of several angular distributions offers
a novel way to probe triple-gauge couplings, as these observables remain independent of boosts.

Through this approach, this study aims to set constraints on relevant SMEFT operators by
quantifying the allowed ranges of the strength of new physics effects. In doing so, it contributes
to the wider effort to uncover possible physics beyond the Standard Model.

Chapter 2 lays down the foundational theory of the Standard Model, the Effective Field frame-
work and the principles underlying Monte Carlo simulations of collision events. Chapter 2 is
completed by a specific focus on the W and Z bosons and their interactions within the Standard
Model.

Chapter 3 describes the experimental setup of the LHC and the ATLAS detector that is used to
obtain the data from which the interpretation is done.

Chapter 4 explains the methods and algorithms used by the ATLAS collaboration to recon-
struct physics objects from raw detector information.

Chapter 5 details the analysis methodology for identifying candidate signal events, including



strategies to address background processes with similar detector signatures. It further explains
the observables used to quantify the signal and the systematic uncertainties impacting the mea-
surement.

Chapter 6 provides an overview of the modelling of observables within the SMEFT framework
and the statistical modelling used to analyse the collected data and perform statistical inference
on physics theories. The setup, generation and validation of the Monte-Carlo samples is also
described in this chapter.

Chapter 7 presents comprehensive studies done to select only the EFT operators most sensitive
to our channel of interest. Sensitivity studies of the physical observables are also reported in this
chapter. This chapter also highlights the effects of the novel cross-terms, and their significance
in the total observable distribution. Finally, this chapter is completed by an important validation
study that justifies the use of the EFT samples that were generated.

Chapter 8 presents the results and the SMEFT interpretation of the ATLAS Run-2 dataset in
the W Z channel. Both 1D and the novel 2D particle-level limits are presented in this chapter.

Chapter 9 provides the conclusions and the outlook of the thesis.



CHAPTER 2

Theory of the Standard Model and Effective
Fields

The Standard Model (SM) [2-5, 12, 13] is the cornerstone of modern particle physics, providing
a framework to describe all of the elementary particles and the fundamental forces through
which the particles can interact. It has been developed through decades of collaboration between
theory and experiment, representing one of the most successful scientific endeavours in history.
This chapter provides the theoretical foundations of the SM and its limitations. The chapter
then provides an introduction to Effective Field Theories. These theories offer a systematic
approach to explore deviations from SM predictions and identify potential extensions to our
current understanding. Finally, an overview of proton—proton collisions, data from which are
used in this thesis, is provided.

2.1 The Standard Model of Particle Physics

The SM is a relativistic quantum field theory that describes the fundamental particles and their
interactions. It is based on the principle of local gauge invariance under the symmetry group
[12]

SUB)e x SU2)L x Uy , 2.1

which governs the strong, weak, and electromagnetic forces, and is further explained in this
chapter.

2.1.1 Particle constituents

In quantum field theory, particles are understood as excitations of underlying fields. This per-
spective unifies particle physics by describing interactions as exchanges of quanta associated
with these fields. A summary of all the SM particles is given in Figure 2.1.
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Figure 2.1: Particle content of the Standard Model (SM). Each type of quark exists in one of three
colour charges. For each fermion, there is a corresponding anti-particle with exactly the same mass
but with opposite quantum numbers. Taken from [14].

Forces: The SM encompasses three of the four fundamental forces of nature: electromagnetism,
the strong nuclear force, and the weak nuclear force. These forces are mediated by gauge bosons,
while gravity remains outside the scope of the model due to the lack of a consistent quantum
theory of gravitation.

Fermions: Matter is composed of fermions, which are particles with half-integer spin (s = 1/2)
that obey the Pauli exclusion principle. Fermions are divided into two categories: quarks and
leptons. Quarks exist in six flavours—up, down, charm, strange, top, and bottom—and carry
colour charge, allowing them to interact via the strong force. They combine to form compos-
ite particles called either mesons or baryons. Leptons include the electron, muon, tau, and
their corresponding neutrinos. Unlike quarks, leptons do not carry colour charge, and so do
not participate in strong interactions. Electrons, muons and tau leptons do, however, carry an
electric charge of —1, whereas neutrinos are electrically neutral. Fermions are organised into
three generations, with increasing mass from one generation to the next. Stable matter consists
primarily of first-generation fermions, while higher-generation particles decay into lighter ones.



Each fermion has a corresponding antiparticle with identical mass but opposite charges.

Bosons: The interactions between particles are mediated by gauge bosons. The photon is re-
sponsible for electromagnetic interactions between charged particles and is massless. The gluons
mediate the strong interaction between quarks by exchanging colour charge; there are eight dis-
tinct gluons, all of which are massless. The W+ and Z° bosons mediate weak interactions and
acquire mass through electroweak symmetry breaking (EWSB).

The Higgs Boson: The Higgs boson plays a pivotal role in the Standard Model as it provides
mass to other particles via their interactions with the Higgs field. This electrically neutral scalar
particle emerges from EWSB and does not mediate any fundamental force.

2.1.2 Quantum Electrodynamics

Quantum Electrodynamics (QED) [15, 16] is the first step toward the modern SM and describes
the interaction between light and matter. This theory is based on the U(1) gauge symmetry,
which requires a massless vector field A, corresponding to the photon. Photons interact with
fermions, with the interaction strength determined by the electric charge of the fermions (gy).
The QED Lagrangian is given by:

1 T
N——— f

free photon -~

Vv
free fermions + interactions

where F,, is the electromagnetic field tensor defined as £, = 0,4, — 0,4, ¥; represents the
Dirac spinor for the fermion f, and m; is the mass of the fermion. . runs over all fermion
flavours. The covariant derivative D, is defined as D, = 0, — iqyA,. The gamma matrices,
~#, also known as Dirac matrices, satisfy the Clifford algebra and are used to construct the
generators of the Lorentz group.

2.1.3 Quantum Chromodynamics

The strong force in the standard model is described by Quantum Chromodynamics (QCD) [17],
based on the SU(3) colour gauge group. This non-Abelian group has 8 massless spin-1 force
carriers, called gluons. The fundamental charge associated with this symmetry group is called
colour and comes in 3 types: ‘red’, ‘green’, and ‘blue’. Analogous to QED, colour takes the role
of charge.



Quarks ¢ (z) are the only matter field that interacts via the strong force. The covariant deriva-

@
2

. . . . . 2
coupling constant of the strong interaction (or equivalently the strong coupling o, = {*), G,

tive associated with a local SU(3) symmetry is given by D, = 0, — igsG{.5 where gg is the
are the eight gluon gauge fields, and \* are the Gell-Mann matrices. The Lagrangian for QCD is
expressed as

Lacp = —%lGZuGW + ) qp(x) (iv" Dy — my) qp(x). (2.3)
!
The first term (the kinetic term) introduces self-interactions among the gluon fields.

QCD exhibits two defining phenomena: colour confinement and asymptotic freedom. The
non-Abelian nature of SU(3) causes gluon self-interactions, leading to a running coupling con-
stant a,. At high energies (short distances), «, decreases, allowing quarks to behave as free
particles — a property known as asymptotic freedom. At low energies (large distances), a,
increases, confining quarks into colour-neutral bound states such as mesons (quark-antiquark
pairs) and baryons (three quarks). This behaviour ensures that free particles with net colour

charge do not exist in nature.

2.1.4 Electroweak theory

The Standard Model unifies electromagnetic and weak interactions under the SU(2), @ U(1)y
gauge symmetry [2, 18]. The conserved quantum numbers of this symmetry are weak isospin T3
and weak hypercharge Y, related to electric charge () by:

Q=T+ %Y 2.4

It has been experimentally observed [19] that weak interactions with a change in the fermion
charge show a V' — A structure, which means they only couple to left-handed fermions. It is
therefore convenient to introduce the left-handed and right-handed projection operators, that
split the fields of the interacting particles into their left and right handed chiral components:

1—4° 1+9°
Y =Py + Pryp = 5 Y+ 5 Y =1L+ Yr . (2.5)
Under the SU(2), symmetry, left-handed fermions form isospin doublets with T = +1:

0 C) GG G0 e




while right-handed fermions are SU(2),, singlets (75 = 0):

UR, dR, €R ,CR, SR, IR tr, bR, TR. 2.7)

Right handed neutrinos were not required in the original SM model, but are generally in-
cluded following the discovery of massive neutrinos. It should also be noted that in the SM,
charged lepton flavour is conserved whilst quark flavour is not. The flavour mixing is given by
the Cabibbo-Kobayashi-Maskawa Matrix (CKM-Matrix) [20, 21].

2.1.5 Electroweak Symmetry Breaking

The charged fermions and the W+ and Z bosons have been observed to possess non-negligible
mass. This necessitates the inclusion of mass terms in the SM Lagrangian. The Brout-Englert-
Higgs model was formulated as a way to solve the mass problem. The model introduces a new
complex scalar field (called the Higgs field), which couples to the gauge bosons

+
H= ¢0 @) (2.8)
¢°(x)
The simplest potential of the Higgs field, H, can be written as

V(H) = u*H'H + X\ (H'H)". (2.9)

where 1 and ) are coupling parameters. The shape of this potential depends on the sign of 2.

For ;% < 0, the potential has a non-zero ground state that does not have the SU(2);, @ U(1)y
gauge symmetry i.e the ground states are not explicitly invariant under the gauge symmetry. the
potential forms a “ring” of minima at a radius given by v = \/T%, where v is known as the
vacuum expectation value (vev) of the field H. By choosing one ground state, the symmetry is
broken as shown in Figure 2.2, where B could be anywhere around that ring-shaped minimum:
choosing a place for B breaks the symmetry. This is referred to as Spontaneous Symmetry Break-
ing [2, 4, 22]. If u? > 0, the potential has a single unique minimum that is symmetric about this
point, preventing spontaneous symmetry breaking.

During Electroweak symmetry breaking, the SU(2); ® U(1)y group is spontaneously broken
into U(1)qep. This gives rise to three bosonic vector fields W7, where « = 1,2,3. The first two
components of the W, fields mix to create the two charged bosons W= which can be written as:

1

W, = 7 (W, FiW}). (2.10)



Figure 2.2: Plot of the Higgs potential as a function of the Higgs Field H (shown as ® in the
diagram). The symmetry is spontaneously broken by choosing an arbitrary ground state B, from an
initial state A.

The B, field and the Wj field also mix to create the Z boson and A,,, the latter of which can
be identified with the physical gauge boson of the photon ~:

A, = Wj’ sin Oy + By, cos Oy, (2.11)

Z, =W} cos Oy — By sin Oy, (2.12)

where 60y, is the weak mixing angle, also called the Weinberg angle. The angle sin(fy) can be
expressed in terms of the coupling strengths for SU(2), and U(1)y (¢ and ¢, respectively) as

sin(Oy) = ——2— = ¢ (2.13)

NCETC

and e is the electric charge. The quantities fy, and e are measured.
The boson masses can then be deduced to be

>+ g2 = , ma=0, my=+/—2u% (2.149)

Fermion masses

Similarly, if the Higgs field is allowed to couple with fermion fields through a Yukawa term then
it allow the fermions to have masses as well, while respecting gauge invariance.
After symmetry breaking, the Yukawa Lagrangian can be written as:

v+ h -
L kawa — — Y ¢f¢f y (215)
yu \/5 ; ITYLYR
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where y; is the fermion specific Yukawa couplings. The fermion mass can be expressed in terms
of the Yukawa coupling and the vacuum expectation value of the Higgs field v as

1
my = Evyf. (2.16)

2.1.6 Complete SM Lagrangian

Adding the pieces of the theories described, the full SM Lagrangian can be written as:

ESM = LQCD + £EW + LHiggs + £Yukawa

1 a aur
= GG

1. A 1 = -

— Wi W = BB 4y (e Doy + ey Dyftr)
f

+ (D, H)'D"H — *H'H — \(HTH)?

-3 (yfz;{mp;; n h.c.> (2.17)
f

The field strength tensors are defined as:

Wi, = 0.W) — 0,W] — g"Wiw,, g, k1€ {1,2,3}, (2.18)
B/_w - a,u,Bl/ - al/B;u (219)
Gy, = 0,Gy — 0,G5, — g f GGy, a,b,ce{1,2,..,8}. (2.20)

The terms involving /%' and fe¢ contain implicit sums over similar indices, where ¢/*' and
fabe are the structure constants of SU(2); and SU(3)c, respectively. The sum over f in the
Dirac term contains all the left-handed doublet and right-handed singlet fermion spinors. The
covariant derivative D, takes the form:

a

. o\
Wﬁ +zgSGu7 (2.2D)

Oq

Y
Du:@ﬂ—ig’EBlﬁ—ig 5

2.1.7 Gauge boson couplings

The W and Z bosons can couple to fermions as described in the Lagrangian Eq 2.17 to form a

three point vertex as shown in Figure 2.3. The coupling strengths are also indicated.
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1
W Lt ko) 7 —i—S (e, = cyr)
\/_ 2 cosOy 2
Vf f

Figure 2.3: Three point vertices for the electroweak bosons and their coupling strengths. cy is the
vector coupling, cy = Tz — 2Q sin® Oy, and cy is the axial-vector coupling c4 = Ts. Taken from
[23].

The W boson only couples to left-handed fermions (and right-handed anti-fermions), which
is manifested by the left-chiral projection operator P, = (1 —~?).

The Z boson can couple to both left-handed and right-handed fermions, because Z, is a
mixture of the Wi and B, fields. The coupling strengths are conveniently written in terms of the
vector coupling, ¢y = 15 — 2Q sin? fy and the axial-vector coupling, c4 = Ts.

Gauge boson self interactions

The interaction term in Lagrangian Eq 2.17 (first line) results in the self-couplings of the bosons
called triple (TGC) and quartic (QGC) gauge couplings. The possible couplings are shown in
Figure 2.4. It should be noted that the ZZ 7 interaction (along with all other neutral TGC and
QGC combinations) is forbidden in the SM.

w w wt w Y, Z
y,Z

A W w Y, Z

Figure 2.4: Gauge boson self-interaction vertices [24]. The last diagram illustrates that WW Z Z,
WW~~ and WW~Z interactions are allowed.

The strengths of the gauge couplings are specified by the Standard Model. For the WW Z/~

vertices which are closely related to the subject of this work:

Gww~ = —€, gwwz = —ecot Oy (2.22)

Any deviations from the predictions will affect the boson pair cross section. Measuring the
production of the boson pair therefore provides a stringent test of the electroweak part of the
SM.
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2.2 Unanswered questions in the SM

Despite being the most successful model in particle physics, the Standard Model still cannot
account for several observed phenomena. Below is a short list of the limitations of the SM:

* Gravity: The Standard Model does not include the force of gravity. Gravity, which is
described by General Relativity, is still not unified with quantum field theory [25].

* Neutrino Masses: The Standard Model originally assumed neutrinos to be massless. How-
ever, the discovery of neutrino oscillations proved that neutrinos have small but nonzero
masses [26, 27]. The Standard Model does not naturally explain the origin of the tiny

neutrino masses.

* Dark Matter: Astrophysical and cosmological observations for e.g [28] have shown the
presence of dark matter, which is unexplained in the Standard Model.

* Matter-Antimatter Asymmetry: In the physical world, we know that there is a major
imbalance between matter and antimatter proportions [29]. The Standard Model is not
able to explain the observed imbalance in the universe

* Dark energy: Cosmological observations [30] have shown that the universe is expanding
at a accelerating rate. This rate is attributed to an unexplained property of space-time
called dark energy, which is estimated to make up around 68 percent of the energy in the
universe. Yet there is no explanation of such an energy in the Standard Model.

* Hierarchy Problem: The Higgs boson’s observed mass is puzzlingly light—quantum cor-
rections would naively drive it to extremely high energies (e.g., Planck scale), requiring an
unnatural fine-tuning of parameters to match its measured value [31].

2.3 Effective Field Theory

A theory of everything is the Holy Grail of theoretical particle physics, which would unify the
Quantum Field Theory (SM) and Einstein’s gravity. This theory would be valid at all energy
scales and would be UV-complete. However, this ambitious search for a theory of everything has
significantly slowed down [32].

The decoupling theorem [33], states that if the energy scale of physics is far greater than
the probed energy, the heavy fields effectively decouple in processes with no outgoing heavy

particles.
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This principle has now guided the focus of theorists and phenomenologists alike to search
instead for theories of something, which describe physical systems at a particular energy scale.
These are called Effective field theories (EFTs), as they are not meant to be valid at all energy
scales, and the degrees of freedom they describe are more “effective” than fundamental.

EFTs can be viewed as the low-energy limit of a more complete theory. The low-energy
behaviour of the full theory is determined by integrating out the heavy fields when they appear
as internal components (or propagators) in Feynman diagrams, resulting in effective interactions
that involve only the light fields.

A classical example of this is the Fermi theory describing $-decay [34], where in the low-
energy limit the massive W boson is integrated out and a simple four-point interaction term
arises. While Fermi originally applied it to nuclear S-decay, the same effective interaction also
predicts muon decay. This example is detailed in Appendix A.

2.3.1 The Standard Model as an Effective theory

The Standard Model describes all the known elementary particles and the forces between them,
and does correctly predict the cross-sections and differential distributions of particles produced
in high-energy collisions [35]. However, as shown in Chapter 2.2, we know that the Standard
Model is incomplete.

Given the lack of any direct or indirect collider evidence for new physics, it is plausible to
consider models where new particles are either too massive to be produced at current collider
energies or interact very weakly with the SM. Under this assumption, the SM can be viewed as
a low-energy limit of a more complete theory.

In scenarios where Beyond the Standard Model (BSM) particles are considerably heavier than
the electroweak scale, their effects can be described in a model-independent manner using EFT
methods. The most popular framework for this approach is known as the Standard Model EFT
(SMEFT) [9, 36]. SMEFT integrates out heavy BSM particles, encoding their effects through
higher-dimensional operators that modify SM interactions.

SMEFT has the same local SU(3) x SU(2) x U(1) symmetry as the SM, with the vev of the
Higgs field breaking the SU(2) symmetry. Retaining only the SM’s field content and gauge
symmetry, SMEFT forgoes renormalizability and instead systematically includes every higher
mass dimensional D operator allowed by those symmetries.

The SMEFT Lagrangian can therefore be written as an extension of the SM Lagrangian (Eq
2.17) as:
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_ 1 (5) yD=5 , | 6) yD=6 , | (D=7, 1 (8) D=8
ﬁSMEFT—ESM‘i_K;Ci Ol +P;Ci OZ _'_F;Ci OZ +F;Ci Ol +... (223)

where OF is a gauge invariant operator of mass dimension D constructed from the SM fields

and required to be invariant under local gauge transformations of the SM symmetry group. The
parameters cED)are called the Wilson coefficients. These Wilson coefficients can be experimen-
tally measured which would test the presence of their respective operators. Non-zero Wilson
coefficients would be signs of new physics.

Note that the leading order term does not contain any dependence on A, while the other
terms are suppressed by the appropriate powers of the energy scale of new physics, A. This is
the mass scale at which the new particles are integrated out of the theory.

The leading-order term is the SM Lagrangian which comprises operators of mass dimension
D = 4. The mass dimensions of the fields, in natural units (%A = ¢ = 1), can be deduced from the

requirement that each term in the Lagrangian must also have mass dimension four:

D=1, (by definition)
[D,H'D'*H] =4 = [H|=1,
XWX =4 = [Xu]=2 = [X,]=1, (2.24)
D] -1 » =2

[WyrHY] =4 = [y ] =0.

Here, H denotes the Higgs doublet, X, is a generic gauge field with associated field strength
tensor X, ¢ represents a fermion field, and y;, is the Yukawa coupling constant.

2.3.2 Higher order operators

Dimension 5 operators

The leading correction to the SM has dimension 5, where there is only one single operator, called
the Weinberg operator [37]:
Ly = 5 (LH) (H'L). (2.25)

where L is the lepton doublet, H is the Higgs doublet.
This operator violates lepton number conservation, AL = 2. The most important effect of

the Weinberg operator is the appearance of Majorana-type neutrino masses after electroweak
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symmetry breaking [38]. Neutrino oscillation experiments tell us that at least two masses of the
neutrino are non-zero, and at least one must be equal or larger than 0.06 €V. The scale of new
physics from this term therefore can be deduced as (taking ¢ = 1):

A= v > 10" GeV (2.26)
my
where v is the vacuum expectation energy (vev) of the Higgs field and m, is the mass of the
neutrino.
This scale of new physics would make the effect of dimension-5 operator practically unob-
servable in collider experiments and will not be considered further in this thesis.

Dimension-6 operators

The next leading contribution comes from the dimension-6 operators. There are 2499 dimension-
6 operators that conserve baryon and lepton number [39]. A need for a complete and non-
redundant set of operators has been highlighted as different higher-dimensional operators can
produce the same S-matrix elements for SM particle scattering if they can be related through
equations of motion, integration by parts, field redefinitions, or Fierz transformations. This
results in complex and sometimes unexpected relationships between operators.

Many dimension-6 operators are redundant as they can be expressed as linear combinations of
others. Removing these redundant operators simplifies the EFT description and provides a clear
mapping from observables to the EFT Wilson coefficients. The first minimal, non-redundant
operator basis for £ is referred to as the “Warsaw basis” [39], consisting of 59 independent
operators.

The full list of dimension-6 operators in the Warsaw basis is given in Appendix B [40]. A brief
explanation of the categories is given below.

* Boson Self-interaction terms (X3, H°) - These operators describe the boson self-interactions,
which give rise to vertices involving three or more bosons. The gluon self-interaction and
its CP-odd counterpart are denoted as ()¢ and (). Similarly, the electroweak boson self-
interaction and its CP-odd counterpart are denoted as Qy and ;. The Higgs boson self-
coupling operator is 0y, which affects the minimum of the Higgs potential and changes
the vev.

* Higgs Boson Kinetic term (H*D?) - These operators affect the kinetic terms of the scalar
fields. The main consequence of these operators is that the Wilson coefficients are recast
into an overall rescaling of all SM Higgs couplings.
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Higgs Gauge (X2H?) - Upon Electroweak Symmetry Breaking (EWSB), the operators
Qua, Quw, Qup, Quwp induce corrections to the kinetic terms of the gauge boson indi-
cated by the 2nd subscript. The first three lead to overall rescaling of the kinetic term of
the gauge boson, while Q5 introduces a kinetic mixing between the B and W? fields.
As a result, Q yw g modifies all v and Z couplings.

Yukawa operators (¢>H?) - Upon EWSB, these operators modify the Yukawa interaction
with the Higgs boson, thus modifying both the fermion masses and their Yukawa couplings
to the Higgs boson. The fermion couplings to the Higgs boson now are not just proportional
to the fermion masses like in the SM, but also depend on the strength of these operators.

Higgs-fermion ()2 H2D) After EWSB, these operators introduce modifications to the Higgs
and fermion coupling terms. These therefore cause modifications in both the Higgs and
electroweak sector.

Dipole moment ()>X H) These operators contribute to the anomalous magnetic and elec-
tric dipole moments of all fundamental particles.

Four fermion (/) These operators model point interactions and affect different possible
quartets of fermions. They are divided by fermions chirality as (LL)(LL), (RR)(RR),
(LL)(RR) and the mixed (LR)(RL) + (LR)(LR)

2.3.3 Flavour symmetries in Dimension-6 operators

Without any flavour symmetry, there are 1350 CP-even and 1149 CP-odd independent dimension-

6 operators in the SMEFT Lagrangian. Constraining such a large parameter space is challeng-

ing. In particular, experimental observations cannot differentiate the flavour of underlying light

quarks that participate in high-energy processes. This introduces a flavour symmetry, which can

reduce the number of operators. It should be noted that these symmetries are not necessarily

fundamental symmetries of the underlying complete theory, but could be accidental.

The following flavour symmetries [40] considered in this thesis are listed below:

* Maximal U(3)° symmetry: This flavour symmetry consists of the largest group of trans-

formations compatible with the gauge symmetries of the SM (assuming no right-handed
neutrinos):

U(3)5: U(B)QL X U(S)UR X U(3)dR X U(S)LL X U(B)eR

Left-handed Right-handed Right-handed Left-handed Right-handed
quark doublets  up-type quarks ~ down-type quarks  lepton doublets  charged leptons
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In the limit where the Yukawa couplings are small, U(3)° essentially states that fermions
with the same electroweak quantum numbers are not distinguished by gauge interactions.

* topU31l: Because the top and bottom quarks are experimentally distinguishable, it is rea-
sonable to assume that they are different than the other lighter quarks. This flavour sym-
metry imposes separate operators for modelling top and bottom quarks.

* top: This is the least restrictive scheme where all leptons are distinguishable from each
other, in addition to the separate operators for parameterising top and bottom quarks.

The number of parameters for each flavour assumption is given in Table 2.1.

U(3)° | topU3l top general
all | cP | all |GP | all |cP | all P
X3 4 | 2 4 2 4 2 4 2
HS 1 - 1 - 1 - 1 -
H*D? 2 - 2 - 2 - 2 -
X?2H? 8| 4| 8 4 | 8 4 8 4
V2 H? 6 | 3|10 | 5|14 | 7 54 27
VX H 16| 8 | 28 | 14| 36 |18 | 144 | 72
V2 H?D 9 11 15 | 2 | 21 | 2 81 30
(LL)(LL) 8| - |16 | - |31 | - | 297 | 126
(RR)(RR) 9| -1 27| 2|40 | 2| 450 | 195
(LL)(RR) 8| - 131 | 4|54 | 4 | 648 | 288
(LR)(LR),(LR)(RL) |14 | 7 | 40 |20 | 64 | 32| 810 | 405
total 8525|182 | 53 | 275 | 71 | 2499 | 1149

Table 2.1: Number of independent parameters for each class of dimension-6 operators as defined
in the Warsaw basis under different flavour assumptions. CP categorises those operators that
violate Charge-Parity (CP).Taken from [40].

2.3.4 Input parameters in SMEFT

The Standard Model can generate accurate predictions only when certain parameters, deter-
mined through experiments, are provided as inputs. Assuming all three neutrinos are massive,
a total of 26 input parameters are needed [41].

The Lagrangian parameters are determined by imposing a set of defining conditions that

relate them to (pseudo-)observables. For a Lagrangian with N independent parameters g =
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{gi...gn}, atleast M > N independent input observables O = {O; ... O} need to be selected.
By computing each O,, in the theory at a chosen perturbative order, one obtains the relations

O0,=F%g), n=1...M (2.27)

where F” denotes a function of the parameters g. If M = N, the system is invertible and we
can recover the measured values of g from functions K of the observables O as g; = K\"(O) for
i=1,...,N.

The Standard Model includes 4 independent parameters describing the electroweak symmetry
breaking, g = {g, ¢, v, \}. These parameters can be determined by measuring observables from
the set O = {@em, Gr, mw, mz, my,}. The Higgs boson mass m,, is always required to determine
A, but the selection of the remaining three observables is flexible. There are three different
schemes available for choosing the electroweak input observables.

SMEFT introduces a large number of additional parameters, namely the cutoff scale A and the
Wilson coefficients cgd) . An issue arises because the observables O, which are used to determine
the values of the SM parameters g, will also be influenced by contributions from the SMEFT
parameters.

Historically, the {aem, G, mz} set was used and contains the most precisely known param-
eters from the set. However, my, in that case receives SMEFT corrections, leading to a highly
non-linear dependence of predictions upon Wilson coefficients. The remaining two schemes,
{aem, mw, mz} and {my,mz, Gr} are used in SMEFT, both with their downsides. The former
has to always consider SMEFT corrections to the Fermi constant Gr. The latter can lead to
slightly worse electroweak convergences both in the SM and in SMEFT [41]. The work done in
this thesis uses the {my, mz, Gr} scheme.

2.4 Proton-Proton collisions and Monte-Carlo Simulation

The events studied in this thesis consist of highly energetic proton—proton collisions. This section
describes the theoretical framework for proton—proton collisions and the Monte-Carlo simulation
techniques used to model these complex interactions.

2.4.1 Proton Structure and Parton Distribution Functions

Protons are composite particles comprising two up quarks and one down quark (valence quarks),
along with gluons and sea quarks. At high energies, quantum fluctuations generate quark-
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antiquark pairs, introducing sea quarks into the proton. The prevalence of gluons and sea quarks
increases significantly at higher energy scales, enabling the probing of heavier quarks within the
proton.

The internal structure of the proton is parameterised using Parton Distribution Functions
(PDFs). A PDF f,,(x,, Q*) represents the probability of finding a parton ¢ (quark or gluon)
within the proton carrying a fraction z, of the proton’s longitudinal momentum at an energy
scale ().

PDFs depend on the energy scale () at which the proton is probed, with this scale dependence
governed by the DGLAP equations [42]. To separate perturbative QCD (high-energy) from non-
perturbative QCD (low-energy) processes, a factorisation scale jp is introduced. This scale
determines which interactions are absorbed into the PDFs and which are treated perturbatively.
Consequently, PDFs are evaluated at the scale yif.

Since PDFs cannot be calculated directly from first principles due to their non-perturbative
nature, they are obtained through global fits to experimental data from various processes, such
as deep inelastic scattering and proton—proton collisions. Once determined at a reference scale,
PDFs can be mathematically evolved to different energy scales.
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Figure 2.5: The NNPDF3.1 NNLO PDFs, evaluated at pi? = 10 GeV? (left) and p? = 10* GeV?
(right). The y-axis represents xf(z,u?), the momentum-weighted parton distribution function.
Taken from [43].

Figure 2.5 illustrates the evolution of PDFs at two different energy scales: 3.16 GeV and 100

GeV. Notable features include a large gluon and sea quark PDF at low momentum fractions and

1

valence quark distributions peaking around z ~ 3.
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2.4.2 Factorisation and Cross-section Calculation

High-energy proton—proton (pp) collisions primarily involve interactions between individual par-
tons within the protons. Due to asymptotic freedom, these partons behave as nearly free particles
at high energies, allowing the application of perturbative QCD.

The factorisation theorem [44] enables the approximation of the overall cross-section as a
convolution of parton distribution functions and partonic cross-sections:

o(paps — X) = / dzo dzy fora(Ta, 15) forn (e, 13) 0(quqy — X; as(uh), 1F), (2.28)

where:

* faja(®a, p3) and fy/p(xs, p7) are the PDFs for partons a and b in protons A and B, evaluated
at the factorisation scale jip.

* 0(quqy — X;as(u%), u%) is the partonic cross section for the subprocess q,q, — X, calcu-
lated using perturbative QCD at the renormalisation scale /.

* 1, and x; are the momentum fractions carried by the partons a and b.

* sis the square of the centre-of-mass energy of the pp system.

pa

PB

[11

Toy(2p, Q

Figure 2.6: Components of the factorisation formula for the hard scattering cross section yielding
the final state o(pp — X). Taken from [45].

Figure 2.6 visually represents the elements of Equation 2.28, illustrating how the hard scat-
tering process is combined with the non-perturbative PDFs to yield the overall cross-section for
producing a final state X.
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2.4.3 Monte-Carlo Simulation of Proton—Proton Collisions

In experimental particle physics, theories are verified by simulating events according to theoret-
ical predictions and comparing them with experimental data. Due to the complexities of proton
constituents and collision energies, Monte-Carlo (MC) simulations are conducted in a series of
steps that model the different aspects of a proton—proton collision.

Figure 2.7 illustrates all the processes involved in a proton—proton collision, including the
hard parton-parton interaction, parton showers, hadronisation, and initial and final state radia-
tion.

Figure 2.7: Sketch of a hadron-hadron collision. The red blob in the centre represents the hard
collision, surrounded by the parton showers and hard final states resulting from the hard interac-
tion painted red. The purple blob indicates a secondary hard scattering event. Parton-to-hadron
transitions are represented by light green blobs, dark green blobs indicate hadron decays, while
yellow lines signal soft photon radiation. Taken from [46].

Hard Proton-Proton Interaction The first simulation step involves the fundamental hard
proton—proton collision represented by the red blob in the centre of Figure 2.7. In hard scat-
tering events, which involve large momentum transfers, perturbative QCD can be applied to
calculate the partonic cross-sections.

For any given process, the matrix element M describes the probability amplitude of a transi-
tion between initial and final states. MC generators calculate this quantity using Feynman rules
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applied to all possible diagrams connecting the two states. When the interaction couplings are
less than 1, higher-order diagrams contribute less significantly, allowing a focus on the lowest-
order diagrams (leading order, LO). Diagrams including an additional interaction are called
next-to-leading order (NLO).

The matrix element feeds into the calculation of the cross-section given in Equation 2.28,
where the perturbative (high-energy) regime term

0 (TS, (1) o / IM|?d®;, (2.29)

and d® represents an infinitesimal phase-space volume. The phase space integration is per-
formed using Monte Carlo methods, after which the phase space is sampled to produce events.

Parton Shower Parton showers, represented by the red lines surrounding the central red blob
in Figure 2.7, describe the process where high-energy quarks and gluons emit additional partons
as they move apart after a high-energy collision. Typically, only the most energetic QCD emis-
sions (those above the factorisation scale) are included directly in the hard matrix element. The
remaining lower-energy emissions are generated using a Markov chain method, where partons
are emitted one after another based on splitting functions until their energy becomes too low to
continue [47].

Following a hard scattering event, the outgoing partons undergo a series of emissions. Partons
may emit gluons, which can split into quark—antiquark pairs or additional gluons. As the energy
scale decreases, the strong coupling constant «, increases, making non-perturbative effects sig-
nificant. In practice, the parton shower uses a PDF to model initial-state radiation through back-
ward evolution. This PDF is often distinct from the one employed in the hard-scattering matrix
element calculation, as the shower typically relies on a leading-order set tuned for compatibility
with the shower algorithm and hadronisation model.

Hadronisation The light green blobs in Figure 2.7 represent hadronisation. Due to colour con-
finement, quarks and gluons produced in hard processes and parton showers cannot be directly
observed. Instead, only hadrons or their decay products can be detected. Since hadronisation
occurs at low energies where perturbative QCD calculations do not converge, phenomenological
models based on experimental data are used to describe this process.

The string model approach [48], implemented in Pythia, is commonly employed. In this
model, quarks and antiquarks are connected by strings representing the potential energy be-

tween them. As the distance between them increases, the potential energy rises. Once this
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energy becomes too great, the string breaks, resulting in the formation of a new quark-antiquark
pair.

The cascade of emissions and subsequent hadronisation leads to the formation of hadron
jets—collimated sprays of hadrons that propagate in the direction of the original partons and
are key observables in collider experiments.

Decay Many hadrons produced during hadronisation, along with 7 leptons, are unstable and
decay either in the beam pipe or inside the detector. These decays also need to be accurately
simulated, with careful attention to modelling spin correlations correctly. Dedicated MC pack-
ages like EvtGen [49] are used for this purpose. The decay process is shown in dark green in the
outer layer of Figure 2.7.

Soft Photon Radiation The yellow lines in Figure 2.7 represent QED radiation, which can
occur at any stage of event generation where charged particles are present. One approach to
simulating this radiation uses an algorithm similar to that used for the QCD shower, modelling
the emission of photons by charged particles in a cascading manner where emission is governed
by splitting functions.

Underlying Event All processes occurring in the proton—proton collision that are not directly
associated with the hard interaction are collectively termed the underlying event. This includes
secondary interactions between partons in the protons (shown as the purple blob in Figure 2.7),
beam-beam remnants, and initial and final state radiation not related to the hard-scattering
event. Since factorisation theorems do not handle this scenario, underlying events are simulated
using phenomenological models [50].

Renormalisation and Factorisation Scales Perturbative calculations of the partonic cross-
section depend on the renormalisation scale iz and the factorisation scale ;. While physical
observables should be independent of these scales, practical calculations truncated at a finite
order in perturbation theory exhibit residual dependencies. Varying ur and upr within reason-
able ranges provides an estimate of the theoretical uncertainties associated with the perturbative

expansion.

Monte-Carlo Generator Implementations Modern simulations employ specialised tools for
different aspects of collision modelling. Pythia [51] implements parton showers using transverse-

momentum ordered radiation and hadronisation via the string model. Sherpa [52] specialises
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in automated merging of multi-jet matrix elements with parton showers through its OpenLoops
frameworks. For next-to-leading order (NLO) calculations, aMC@ONLO combines MadGraph’s matrix-
element generation with phase-space integration [53], while Powheg [54-56] provides a match-
ing scheme between NLO computations and parton showers. These generators often interface
collaboratively, with MadGraph/Powheg typically handling hard process generation and Pythia
managing the showering and hadronisation processes.

2.5 W Z Production and Decay Dynamics

2.5.1 W Z Production Mechanisms in Proton-Proton Colliders

Leading Order Production

At Leading Order (LO), W Z pairs predominantly form through quark-antiquark (¢¢) interactions
via three distinct channels shown in Figure 2.8:

* ¢t- and u-channel processes: Radiation of gauge bosons from initial-state quarks with
space-like propagators, where I and Z bosons emerge from separate quark lines

* s-channel process: Quark-antiquark annihilation through W# propagator that radiates
the Z boson via the triple gauge vertex W Z, producing real (on-shell) W and Z bosons

W:t

Figure 2.8: LO Feynman diagrams of W Z production processes in a hadron collider. Taken from
[57]. The convention that time increases from left to right is used.

At LO, a ud quark pair produces a W+ Z boson pair, while a du quark pair produces aa W~Z
boson pair. The u- valence quark density is larger in protons than the d- valence quark density,
whilst the @ and d contents in the proton are approximately the same. For this reason, the
cross-section for W+ Z production is about 30% larger than that for W~ Z in pp colliders[58].
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Next-to-Leading Order Contributions

NLO processes introduce gluon-initiated production channels critical for precision predictions.
These contributions significantly enhance prediction accuracy given gluons’ substantial proton
momentum fraction, as shown and explained in Figure 2.5. Figure 2.9 shows the Feynman
diagrams for W Z production at NLO QCD. Feynman diagrams 2.9(a), 2.9(b), 2.9(c), 2.9(f) and
2.9(g) result in an additional quark in the final state. Feynman diagrams 2.9(d) and 2.9(e) show
the ¢q initiated process with gluon bremsstrahlung in the final state. Diagrams 2.9(h) - 2.9(k)
are the virtual contributions with internal gluon loops .
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Figure 2.9: QCD NLO Feynman diagrams for W Z production. Straight lines represent quarks,
gluons are shown by spiralling lines, and wavy lines correspond to W or Z bosons. Taken from
[59].
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2.5.2 Decay Characteristics

Boson Decay Branching Ratios

The W boson decays exclusively to left-handed fermion doublets, while the Z boson couples to
both left- and right-handed fermions.

Z Decay Modes %

W:I: Decay Modes % W Z Combined %
ete” 3.36 £ g

ety 10.71 ™ 0.35

. 10,63 T 3.37 (per flavour combination)
pev ' - 337  (*y, + invisible
v 11.38 2.18
: o 69.91 (per lepton flavour)

qq 67.41 i

Invisible 20,0 _Hadronic 00-29

Table 2.2: Measured branching ratios from PDG [42]. Invisible Z decays include vi pairs.
Hadronic modes exclude top quarks and contain negligible b-quark content. Prime notation (qq’)
indicates distinct quark flavours in W decays. The first row in the W Z combined table refers to
fully leptonic decays with fixed-flavour configurations (e.g., W — ev., Z — p*u~). The second
row considers W — (v for a given lepton flavour, with Z — vu.

The fully leptonic WZ — (*v't¢'~ channel (3.2% total branching fraction) provides clean
experimental signatures despite its rarity, enabling precise TGC measurements.
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CHAPTER 3

The ATLAS experiment at the Large Hadron
Collider

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [60] is the world’s largest and most powerful particle acceler-
ator and collider, located at CERN (the European Organisation for Nuclear Research) in Geneva.
It is a circular collider with a circumference of 26.7 km, situated underground at depths ranging
from 45 m to 170 m.

At the LHC, protons are accelerated to unprecedented high energies. Currently, the LHC
achieves a centre-of-mass energy of /s = 13.6 TeV, colliding protons at four Interaction points
(IP). Dedicated experiments are located at each of these interaction points. Two general-purpose
detectors, ATLAS [61] and CMS [62], are designed to collect high luminosity data, while the
other two IPs have specialised low luminosity experiments: ALICE [63], optimised for measuring
heavy ion collisions, and LHCb [64], specialised for b-physics.

3.1.1 The accelerator complex

In the LHC, two proton beams travel in opposite directions at nearly the speed of light, confined
to a circular orbit by 1,232 superconducting dipole magnets (8 T field strength, 12000 A current)
cooled to 1.9 K with superfluid helium. Quadrupole magnets are used to focus the beams.
Protons are accelerated by 400 MHz RF cavities and collide in bunches of approximately 10!
protons [60].
Before injection into the LHC, protons are pre-accelerated by LINAC4! (160 MeV), the PS
Booster (1.4 GeV), the Proton Synchrotron (PS, 26 GeV), and the Super Proton Synchrotron

1LINAC4 succeeded LINAC2 during the 2019-20 shutdown. For data used in this thesis, LINAC2 was operating,
accelerating protons to 50 MeV.
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(SPS, 450 GeV). A diagram of the CERN accelerator facilities and the LHC accelerator chain is
shown in Figure 3.1.

The CERN accelerator complex
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Figure 3.1: The CERN accelerator complex showing the Large Hadron Collider (dark blue) along
with its preaccelerators and affiliated experiments. Diagram taken from [65].

The LHC began operations in 2008, with the first collisions occurring in 2009. Data collected
from 2010 to 2013 is known as “Run-1”. The bulk of this run was recorded at /s =7 TeV and
later at 8 TeV. After Long Shutdown 1 (LS1, 2013-2014), Run-2 (2015-2018) ran at /s =13 TeV.
Following Long Shutdown 2 (LS2, 2018-2022), Run-3 began in July 2022 at /s = 13.6 TeV and
is expected to continue until 2026.

The data pertinent to this thesis were recorded during Run-2.
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3.1.2 LHC luminosity

Instantaneous luminosity L serves as a proportionality constant that links the cross-section ¢ of a
particular process to the number of events N produced. The relationship is given by the formula:

N = Lo. 3.1

The machine luminosity depends on the beam parameters and, for a Gaussian beam distribu-

tion, can be written as [60]
I — N()anfrev/YT’F
dre,B*

where N, and n, are respectively the number of particles per bunch and the number of bunches

(3.2)

in the beam, f,, is the revolution frequency, v is the relativistic factor. ¢, is the normalised
transverse beam emittance and is related to the transverse size of the beam. The envelope of the
beam is given by the S-function and 5* is the value of the S-function at the interaction point. F’
is the geometric luminosity reduction factor and is related to the beam crossing angle, transverse
RMS beam size and RMS bunch length at the interaction point.

3.1.3 Pile-up at the LHC

A proton-proton scattering event at the LHC does not occur in isolation. Protons collide in
bunches, with bunch crossings happening every 25 ns, and multiple interactions can occur during
each crossing.

Interactions that influence the collision of interest due to their proximity in space and time are
known as “pile-up”. Pile-up, denoted by u, can be thought of as the mean number of collisions
per bunch crossing. Naturally, pile-up increases with instantaneous luminosity. The two kinds of
pile-up are in-time pile-up and out-of-time pile-up [57].

In-time pile-up refers to collision events that occur within the same bunch crossing as the col-
lision of interest, potentially affecting the detector signals. Out-of-time pile-up involves similar
events, but the additional collisions happen shortly before or after the collision of interest, such
as during a previous or subsequent bunch crossing. The response time of ATLAS subdetectors
exceeds the time between collisions, so energy deposits from these out-of-time pile-up events
can also impact the signal from the collision of interest [66].

Figure 3.2(b) shows the number of interactions per bunch crossing during Run-2 at the LHC.
There are on average about 30 collisions per bunch crossing.
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3.2 The ATLAS Experiment

The ATLAS detector, described in Ref. [61] and references therein, is a multi-purpose detector
designed to study the collisions occurring within the LHC. It is situated at one of the Interaction
Points around the LHC ring. The detector is able to identify particles created from hadron-hadron
collisions and measure the energy, momentum and charge of hadronic jets, leptons and photons.

ATLAS is a cylindrically shaped detector measuring 44 metres in length and 25 metres in
diameter, with a total weight of approximately 7,000 tonnes.

Particle collisions occur at the detector’s centre, surrounded by layered sub-detectors. The
central cylindrical section, known as the barrel, contains concentric layers of tracking systems
and calorimeters aligned parallel to the beam axis. This is complemented by end-cap structures
at both extremities of the barrel — disc-shaped assemblies of sub-detectors oriented perpendicular
to the beamline. Together, this barrel-end-cap configuration achieves nearly 47 steradians of
solid-angle coverage, minimising undetected regions.

ATLAS consists of three main sub-systems:

* Inner Detector - Comprising Pixel detectors, Silicon Microstrip Trackers (SCT), and Tran-
sition Radiation Trackers (TRT), immersed in a 2T axial magnetic field from the central
superconducting solenoid. This configuration enables precise tracking of charged particle
trajectories through Lorentz force-induced curvature, allowing momentum measurement
and charge identification. Further details are provided in Section 3.2.2.
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* Electromagnetic and Hadronic Calorimeters - Determine energy deposits from electrons,
photons, and hadrons through cascading particle showers. This subdetector is elaborated
upon in Section 3.2.3.

* Muon Spectrometer - Operates in a separate toroidal magnetic field, and uses monitored
drift tubes and cathode strip chambers to track high-momentum muons and measure their
charge. Further details are provided in Section 3.2.4.

A dedicated trigger (further elaborated in Section 3.2.5) preselects potentially interesting
events and rejects the rest. A more complete description can be found in [61].

Figure 3.3 illustrates the ATLAS detector in its Run-2 configuration, and its various sub-
detectors.

25m

Tile calorimeters

) LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 3.3: Cut-away view of the ATLAS detector. Taken from [61].

3.2.1 The ATLAS coordinate system

In the ATLAS experiment, the primary interaction point of a collision serves as the origin of a
right-handed coordinate system. The positive z-axis points radially inward towards the centre
of the LHC ring, the positive y-axis extends vertically upwards, and the z-axis points along the
beam pipe.

Given that the detector is approximately rotationally symmetric around the beam axis, a
spherical coordinate system (R, 0, ¢) is also used, where the azimuthal angle ¢ is measured
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around the beam axis in the z — y plane, and the polar angle 6 represents the angle relative to
the beam axis. The radial distance R indicates the distance in the transverse plane.

Transverse quantities such as transverse momentum (pr), transverse energy (Er), and miss-
ing transverse energy (E7**) are defined as the component of the momentum/energy in the
x — y plane.

In place of the polar angle ¢, the rapidity y is often used, which is given by y = 3 1In (%)
where F is the particle’s energy and p, is its momentum along the beam axis. The benefit of
using rapidity is that it remains unchanged under Lorentz boosts along the beam axis.

For proton—proton collisions, where partons collide with unknown momentum fractions and
the boost along the z-axis is not known, rapidity acts as a more suitable description. In the
ultra-relativistic limit, where the mass m = 0, rapidity can be approximated by pseudo-rapidity
n, which is calculated from the polar angle 0 as n = —In(tan(f/2)). Differences in 7 are ap-
proximately invariant under Lorentz boosts along the beam axis, making it a more convenient
variable than 6.

The distance between two particles in the detector, AR, is defined as AR = /(A¢)? + (An)?

where A¢ is the difference in azimuthal angle (measured in radians), and Ay is the difference

in pseudo-rapidity.

3.2.2 The ATLAS Inner Detector

The ATLAS Inner Detector (ID) is a complex system designed to detect and track charged par-
ticles produced in collisions, measure their momentum, and determine the origin of particle
tracks, a process known as vertexing. To do precision physics, high granularity and low noise
measurements are needed. The design specification for the momentum resolution of the tracks
is 22 = 0.05%pr [GeV] @ 1% [61].

The ID comprises three sub-detectors: the pixel detector, semiconductor tracker (SCT), and
transition radiation tracker (TRT). These are arranged cylindrically around the beam pipe within
a 2T axial magnetic field which bends the trajectories of charged particles to help determine their
momentum. A schematic view of the Inner Detector is shown in Figure 3.4.

The ID employs two principal detection technologies: silicon sensors and straw drift tubes.
Charged particles traversing silicon sensors create electron-hole pairs, which are collected via
an applied electric field to record position measurements. In the TRT’s straw drift tubes (so
named for their cylindrical shape and dimensions, typically 4 mm in diameter and up to 150 cm
in length), ionisation electrons drift towards a central anode wire under an electric field, where

they are detected, with the resulting signals transmitted along the wire to readout electronics at
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End-cap semiconductor fracker

Figure 3.4: Cutaway view of the ATLAS Inner Detector. Taken from [61]
the ends of the straws.

 Pixel Detector: Innermost sub-detector with finest granularity. Features four barrel layers
(including the Insertable B-Layer at 3.3 cm radius) and two end-cap discs. Covers |n| < 2.5
with 50 x 250 um? pixels.

* Semiconductor Tracker (SCT): Four barrel layers and nine end-cap discs of double-sided
silicon strip layers, with each layer comprising two sensors arranged in a stereo configura-
tion with a 40 mrad angle between strips to provide three-dimensional hit reconstruction.
Covers |n| < 2.5 with 17um R-¢ and 580um z resolution. Both SCT and pixel detectors
operate at —5°C to —10°C.

* Transition Radiation Tracker (TRT): Approximately 300,000 straw drift tubes filled with
Xe, CO,, and O, gas mixture. Covers |n| < 2. Differentiates electrons from charged hadrons
by detecting transition radiation photons, which are more likely to be emitted by high-v
particles such as electrons.

3.2.3 Calorimeters

The ATLAS calorimeter system is designed to measure the energy of particles through two main
components: the electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL).
These components work by making particles deposit all of their energy through electromagnetic
and strong interactions. A schematic view of the calorimeters is shown in Figure 3.5.
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Figure 3.5: Cutaway view of the ATLAS calorimeter system. Taken from [61].

The calorimeters are sampling calorimeters, meaning they consist of alternating layers of
high-density absorbing material and active material that measures energy. When particles enter
the calorimeter, they interact with high-density materials causing them to shower. The active
layers measure ionisation caused by charged particles in these showers, allowing an estimation
of the total energy deposited.

The Electromagnetic Calorimeter

The ATLAS electromagnetic calorimeter (ECAL)is a sampling calorimeter that uses lead plates
as the absorber material and liquid argon (LAr) as the active material. In some forward re-
gions, copper is used instead of lead due to its electrical conductivity properties under high
flux conditions. When photons and electrons interact electromagnetically within the ECAL,
they ionise atoms and generate secondary particles through processes such as pair production,
bremsstrahlung, Compton scattering, and the photoelectric effect. These secondary particles
then interact with the lead or copper absorber material, producing a cascade of particles known
as a shower. This process continues until the electrons or photons lose sufficient energy to no
longer produce secondary particles and instead lose their remaining energy through collisions
with atoms.

The shape of the resulting shower—its width, length, and location of its maximum—provides
critical information about the identity of the initial particle. Lead is chosen as an absorber
material due to its short radiation length, which allows for a more compact construction of the
ECAL. In the active LAr material, argon atoms are ionised by charged particles in the shower.
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The resulting charge drifts to readout electrodes situated in gaps between absorber plates due
to a high voltage applied across these electrodes.

The ECAL achieves an energy resolution of: %2 = \/% @ 0.7% [61].

The ECAL is divided into three subsystems: the electromagnetic barrel calorimeter (EMB),

the electromagnetic end-cap calorimeter (EMEC), and part of the forward calorimeter (FCAL),
which has an electromagnetic component optimised for measurements in very forward regions
(3.1 < |n| < 4.9). These subsystems use Liquid Argon as their active material; however, their
absorber materials differ depending on their position relative to the beam axis.

The EMB covers |n| < 1.475, while the EMEC covers 1.375 < |n| < 3.2. Both use lead as their
absorber material. The FCAL includes copper for its electromagnetic module due to its suitability
for high flux regions.

The EMB and EMEC consist of four layers with different granularity optimised for precision
measurements up to |n| < 2.5. Table 3.1 summarises these layers.

Layer |n| Coverage n X ¢ Granularity Thickness Notes
Presampler n| < 1.8 0.025 x 0.1 1.7X, Corrects for energy loss
upstream of calorimeter
Inl < 1.4 0-003125 > 0.1 43X Fine granularity for precise
Front Layer 1.5 < |n| < 1.8 Transitioning granularity & y forp
24 < |y| < 2.5 0.025 x 0.1 position measurements.
Middle Layer || < 2.5 0.025 % 0.025 16X, Captures majority of
energy deposits.
In| < 1.35 0.050 x 0.025 2X, .
Back Layer 1.5 < [n] < 2.5 0.050 x 0.025 Captures shower tail.

Table 3.1: Details of the EMB and EMEC Layers

It is worth noting that all EM subsystems utilise a clever accordion geometry that ensures
complete coverage without gaps in azimuthal angle (¢).

The Hadronic Calorimeter

The hadronic calorimeter (HCAL) in ATLAS consists of three main components: the Tile Calorime-
ter (Tile-Cal) in the barrel region, the Hadronic End-Cap Calorimeter (HEC), and part of the
Forward Calorimeter (FCAL). The HEC and FCAL are distinct from the ECALs but share cryostats
with them. The hadronic barrel and end-cap calorimeters have an energy resolution of oy /E =

50%,//E[GeV] & 3% [61].
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The Tile-Cal is situated outside (downstream) of the ECAL and uses steel as its absorber
material and scintillator tiles as its active material. Hadronic interactions with steel produce
particle cascades larger than electromagnetic showers due to strong interactions dominating
over electromagnetic ones at higher energies.

The HEC covers 1.5 < |n| < 3.2 and consists of two independent wheels located forward
relative to the EMEC in each end-cap cryostat.

The FCAL extends ATLAS coverage to very forward regions (3.1 < |n| < 4.9). It consists
of three layers: one copper/LAr layer optimised for electromagnetic measurements and two
tungsten/LAr layers optimised for hadronic measurements due to tungsten’s high density and
short interaction length.

These design choices address challenges posed by high particle fluxes in forward regions while
ensuring accurate measurement capabilities across all pseudorapidity ranges.

3.2.4 Muon Spectrometer

The muon spectrometer, located in the outermost part of ATLAS (Figure 3.6), detects and mea-
sures charged particles that penetrate through the calorimeters. Muons lose minimal energy
via ionisation and typically pass through all detector layers. Dedicated toroidal magnets bend
muon trajectories to enable momentum measurement - superconducting barrel coils produce a
4 T field for |n| < 1.4, while end-cap toroids cover 1.6 < |n| < 2.7. In the transition region
(1.4 < |n| < 1.6), combined magnetic fields enable track reconstruction. This toroidal configura-
tion maximises the bending power over a large volume, achieving o, /pr = 10% at pr = 1 TeV
where tracks become nearly straight [61]. For electrons at these energies, momentum measure-
ment relies entirely on calorimetry.

Tracking chambers surrounding the toroids record muon trajectories using complementary
technologies:

Tracking Chambers

The primary tracking system uses three layers of Monitored Drift Tubes (MDTs) in the barrel re-
gion and two layers in the end-caps. These 30 mm diameter drift tubes contain Ar:CO, gas where
ionisation electrons drift to a central anode wire. Position resolution of ~100 ym is achieved by
measuring electron arrival times.

In the high-rate forward region (2.0 < |n| < 2.7), Cathode Strip Chambers (CSCs) were used
instead of MDTs due to their better performance in high-rate environments. CSCs use orthogonal

cathode strips and anode wires to provide 1 mm spatial resolution in both n and ¢ coordinates,
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Figure 3.6: Cut-away view of the ATLAS muon system. Taken from [61].

with 20 ns maximum drift time for high-rate capability. MDTs are the primary precision tracking
detectors, covering |n| < 2.7 except in the CSC regions.

Triggering Chambers

Resistive Plate Chambers (RPCs) in the barrel and Thin Gap Chambers (TGCs) in the end-caps
provide ¢ coordinate measurements and fast trigger signals. Because MDTs measure only the
precision coordinate, RPCs and TGCs are used to provide ¢ information for all tracks. The RPC
system consists of:

* Two double-gap RPC layers surrounding the middle MDT layer

* One double-gap RPC layer behind the outer MDT layer

RPCs use 2 mm gas gaps between resistive bakelite plates, achieving ~10 mm resolution in ¢
(precision coordinate) and ~30 mm in » for MDT matching. TGCs in the end-caps employ 1.4
mm wire-cathode gaps, providing 2-5 mm spatial resolution with few-nanosecond time resolu-
tion.

3.2.5 Triggering and Data Acquisition

Proton collisions occur every 25 ns at the LHC, corresponding to an initial event rate of 40 MHz.
Storing the resulting data stream of O(60 TB/s)—equivalent to 40 million events per second
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at 1.6 MB per event after zero suppression [61]— is not feasible and requires a sophisticated
multi-stage trigger system to reduce the data to something manageable. Figure 3.7 shows the
ATLAS Trigger and Data Acquisition (TDAQ) architecture with its rate reduction stages.
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Figure 3.7: ATLAS Trigger and Data Acquisition system in Run-2 showing expected peak rates
and bandwidths. Taken from [68].

The trigger system comprises two principal components. The Level 1 (L1) trigger is a hardware-
based system that identifies Regions of Interest (ROIs) using coarse-grained muon spectrometer
data, simplified calorimeter information detecting high-p; objects (pr > 20 GeV), and missing
transverse energy (Em) calculations. L1 reduces the event rate from 40 MHz to 100 kHz with
2.5 pus latency. During decision-making, event data is buffered in front-end electronics before
transfer to Read-Out Drivers (RODs).

The High-Level Trigger (HLT) is a software-based system operating on approximately 40,000
CPU cores [69]. It performs full-granularity detector reconstruction, track-to-calorimeter cluster
matching, and advanced physics object identification such as b-jets and 7 leptons. The HLT
further reduces rates to 1-1.5 kHz, peaking at 1.5 kHz during high-luminosity runs. Selected
events are permanently stored and distributed to CERN’s Tier-0 facility for initial processing,
then globally distributed to regional Tier-1 centres such as Simon Fraser University in Vancouver,
Canada and other sites worldwide.
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CHAPTER 4

Reconstruction of particles in ATLAS

To transform detector signals into physics objects usable for analysis, specialised reconstruc-
tion and identification algorithms are developed. The ATLAS collaboration centrally implements
these algorithms within the ATHENA framework [70]. ATHENA is a comprehensive software
framework that manages all levels of ATLAS data processing, from high-level triggering to event
simulation, reconstruction, and analysis, ensuring consistency across various applications and
analyses.

The reconstructed objects, such as electrons, muons, or jets, are then calibrated to account
for detector-specific effects. This chapter briefly summarizes the reconstruction algorithms used
to obtain physics objects that enter the different measurements used in this thesis.

The ATLAS detector can detect the following final-state particles: electrons, photons, muons,
hadrons (such as protons, neutrons, pions and kaons) and neutrinos (whose presence can be
inferred). The signature of each of these particles as they interact with the different sub-detectors
within ATLAS is used in reconstruction algorithms to identify the particle. Figure 4.1 shows a
diagram of different particle paths in the detector.

The process of reconstructing physics objects starts with high-level detector data, such as
tracks and vertices from the Inner Detector, tracks from the Muon Spectrometer, and topological
calorimeter clusters [72]. Physics objects are then constructed from these data points based on
their anticipated detector signatures. Detector signatures, however, are not unique and a signal
can be confused with background objects with similar signatures. Specialised algorithms inte-
grate various detector information to accurately select candidate objects. Different identification
working points are used to strike a balance between signal efficiency and background rejection.
Furthermore, objects can be subjected to isolation criteria, which reject candidates if there is
significant additional detector activity nearby.
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Figure 4.1: Diagram illustrating the interactions of various particles with different ATLAS sub-
detectors in the transverse plane. [71]

4.1 Track and Vertices

Tracks are the trajectories of charged particles, and their reconstruction is done in the Inner
Detector (ID) and Muon Spectrometer (MS) [73, 74].

The track reconstruction process starts with three-dimensional space points derived from clus-
ters in the Pixel and SCT detectors and drift circles in the TRT. Two primary algorithms are
employed for this purpose: the inside-out algorithm and the outside-in algorithm.

* The inside-out algorithm begins from the innermost layers of the detector (closest to the
beam pipe) and extends outward. It starts with precise measurements from the Pixel and
SCT detectors, forming initial track seeds. A “seed” is an initial estimate of a particle’s
trajectory based on a few early measurements. These seeds are then extended through
the remaining detector layers, incorporating additional measurements to refine the track
parameters. This algorithm is particularly effective in leveraging the high precision of the
inner layers to initiate accurate track reconstruction.

* The outside-in algorithm starts from the outer layers of the detector and works its way in-
ward. This method is used to recover tracks that might have been missed by the inside-out
approach, especially those that do not have sufficient initial measurements in the innermost
layers. This may happen with charged particles produced from decay chains of long-lived
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particles such as b or ¢ hadrons. The algorithm begins with track seeds from the TRT and
outer SCT layers, then extends inward, incorporating measurements from the inner layers
to complete the track reconstruction.

Vertices, representing the intersections of charged particle trajectories, are reconstructed us-
ing an iterative vertex finding and fitting procedure [75]. The algorithm relies on the transverse
impact parameter dj, defined as the radial distance of a track’s closest approach to the beam axis
in the r—¢ plane, and the longitudinal impact parameter z,, which is the z-coordinate of this clos-
est approach along the beam axis. Tracks compatible with a vertex seed are iteratively added,
and the vertex position is updated by weighting tracks according to their compatibility. Tracks
associated with a vertex are refit under the assumption that they originate from that vertex.

Tracks not matching an identified vertex are used as seeds for finding additional vertices,
and this process continues until no further vertices can be formed. Vertices with at least two
associated tracks having pr > 0.5 GeV are considered valid candidates. Among these, the vertex
with the largest sum of squared pr values of its associated tracks is selected as the primary
vertex. While this selection aims to identify the hard-scattering interaction, it may not always
correspond to it in high-pileup conditions.

4.2 Electrons

Electrons are reconstructed by combining information from the Inner Detector (ID) and the
Electromagnetic Calorimeter (ECAL). As electrons traverse the detector, they may radiate a sig-
nificant amount of energy through bremsstrahlung due to their small mass. When these high-
energy photons interact with the detector material, they can convert into electron-positron pairs,
a process known as photon conversion. This radiated energy can result in the production of ad-
ditional photons and, in some cases, electron-positron pairs, leading to a more complex energy
deposition pattern.

In the central region (|n| < 2.47), the reconstruction of electrons uses a dedicated algorithm
that combines tracking and calorimeter information [76-78]. The direction of the electron is
inferred from its trajectory in the ID, while its energy is measured from the deposits in the
ECAL. Figure 4.2 illustrates the typical path of an electron through the ATLAS detector, including
possible bremsstrahlung photon emission.

Electron reconstruction begins with the formation of topological clusters (topo-clusters) in the
ECAL. The ECAL is composed of cells, each of which records the energy deposited by particles
passing through. A significance-based clustering algorithm identifies seed cells where the energy
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Figure 4.2: A schematic illustration of the electron path through ATLAS. The electron path is
shown as a solid red line while the dashed red line illustrates a bremsstrahlung photon, which
causes an adjacent energy deposit in the ECAL. Taken from [76].

deposit exceeds the expected electronic noise by a significant margin (i.e. a high signal-to-noise
ratio), and then aggregates neighbouring cells based on similar criteria. These topo-clusters are
subsequently merged by a supercluster-building algorithm [79], which accounts for energy from
bremsstrahlung photons and photon conversions. The resulting superclusters are calibrated to
the EM scale, which is defined such that the measured energy corresponds to the true energy
of electrons and photons. This scale is derived from test-beam data and well-known physics
processes, such as Z — ee and J/¥ — ee decays.

To reconstruct the electron’s trajectory, tracks in the ID are matched to the calorimeter clus-
ters. Initially, a pattern recognition algorithm assumes that the track was produced by a charged
pion, using a model that accounts for typical energy loss due to interactions with the detector ma-
terial. If this model fails to explain the match between the track and the EM cluster—particularly
in cases with significant bremsstrahlung—the energy loss model is updated to account for larger-
than-expected energy loss. A Gaussian Sum Filter (GSF) algorithm [80] is then used to better
model the distorted curvature of the electron track caused by bremsstrahlung radiation, improv-
ing the reconstruction accuracy.

Electron candidates are classified as either prompt or non-prompt. Prompt electrons originate
directly from the primary interaction vertex (e.g., Z — ee), while non-prompt electrons arise
from secondary processes such as heavy-flavour hadron decays (b — cev) or photon conversions.

Non-prompt electrons are often accompanied by nearby tracks or additional energy deposits.
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To suppress non-prompt backgrounds, a likelihood-based discriminant combines multiple
variables such as shower shape, track quality, and isolation criteria. Three working points are
defined:

* Loose: Maximises signal efficiency (95%), allowing more background.
e Medium: Balances efficiency (85%) and background rejection.
* Tight: Prioritises background rejection with reduced efficiency (70%).

Several isolation working points exist, which define thresholds on the energy sum within a
cone of AR < 0.2 around the electron. Candidates with excess energy in this region are rejected.

Some variables used in electron identification and isolation are not always well-modelled in
MC simulations. To ensure that selection efficiencies observed in data are accurately reflected
in the simulation, scale factors are applied to correct for differences between data and MC pre-
dictions. These scale factors are derived using the Tag-and-Probe method [81], which exploits
well-known decay channels such as Z — ec or J/¥ — ee, taking advantage of their clean invari-
ant mass peaks and isolation properties.

4.3 Muons

Muons are identified by their signals in the Muon Spectrometer (MS), the Inner Detector (ID),
and the calorimeters. The primary reconstruction relies on combining information from the MS
and ID, while in regions not covered by the MS, the muon’s energy loss in the calorimeters
provides additional discrimination. Conversely, in areas lacking ID coverage, muons can still be
reconstructed using MS data alone [82].

In the ID, tracks are reconstructed as described in Section 4.1. The MS consists of several lay-
ers of muon chambers arranged in stations, typically three in total: an inner, middle, and outer
station, with each containing multiple detector layers separated by large distances to accommo-
date the magnetic field and provide precise momentum measurements. Within these stations, an
algorithm identifies groups of aligned hits, referred to as segments, which represent straight-line
approximations of the muon’s path in a single chamber layer. These segments, once identified,
are combined across different stations using a combinatorial search to form muon track candi-
dates. The quality of these candidates is evaluated based on hit multiplicity and fit quality, with
at least two matching segments required to form a viable track.

A global y? fit is then performed across all hits forming a candidate. If certain hits contribute
disproportionately to the total x?, they may be excluded in a refit to improve the overall quality.
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Furthermore, the reconstruction algorithm searches for any additional hits near the candidate
trajectory that were not initially included [82].

Muons in ATLAS can be reconstructed in several ways, depending on detector coverage and
the quality of the track information. The most common type are combined muons, which use
tracks from both the MS and ID, merged using a combined fit that accounts for all relevant hits
and calorimetric energy loss.

Minimum-ionising particles (MIPs) are charged particles that lose a minimal amount of energy
per unit length as they traverse a detector medium. In ATLAS, muons are typically MIPs when
passing through the calorimeters, as they do not undergo strong interactions like hadrons and
deposit only a small, consistent amount of energy.

Not all muons originate directly from the hard scatter process at the interaction point. Other
processes such as decays of hadrons containing heavy-flavour quarks (e.g. b or ¢), as well as
in-flight decays of charged pions and kaons, can also produce muons. These are collectively
referred to as non-prompt muons. Compared to prompt muons, they are generally less isolated
and their tracks often do not point back precisely to the primary vertex.

To discriminate between prompt and non-prompt muons, dedicated identification working
points are defined. These include Low-pr, Loose, Medium, Tight, and High-p selections, each
offering a trade-off between background rejection and signal efficiency. The criteria for these
working points depend on the type of reconstructed muon and on variables that quantify the
track quality and consistency between the ID and MS information, when available.

As with electrons, isolation requirements—based on either calorimeter or tracking informa-
tion—are applied to further reduce backgrounds from non-prompt muons and other sources.

The muon energy scale is calibrated to the per-mille level using well-known resonances such
as Z — pp and J/v — pp. These same processes are also used in tag-and-probe methods to
evaluate the efficiency of muon reconstruction, identification, and isolation in data. Correction
factors derived from these measurements are applied to simulated events to ensure accurate
modelling of muon performance.

4.4 Hadronic Jets

Hadronic jets are reconstructed using the anti-%; algorithm [83], which clusters nearby energy
deposits and tracks into jets based on their distance in 1—¢ space. In this analysis, jets are built
using the particle-flow algorithm [84], which combines signals from the calorimeters with tracks
in the ID to improve the accuracy of the reconstructed jet properties. This method helps to better
resolve the energy and direction of jets and also reduces the impact of pile-up.
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Jets are reconstructed with a fixed radius parameter, R, which determines how wide the jet
can be in angular space. Two types of jets are used, based on the chosen value of R. Jets with
R = 0.4 are referred to as small-R jets and are commonly used to identify the hadronisation of
individual quarks or gluons. Jets with R = 1.0 are known as large-R jets and are used to capture
the decay products of boosted heavy particles, such as W or Z bosons, that are produced with
high momentum and decay into collimated jets.

To ensure the reconstructed jets are of good quality, corrections are applied to account for
the detector response, and additional criteria are used to reduce contamination from pile-up or
noise in the calorimeters.

4.5 Missing transverse energy: neutrino reconstruction

Neutrinos are the only SM particles that cannot be detected in the ATLAS detector, since they
interact only weakly, with extremely small interaction cross-sections.

Neutrinos can be inferred indirectly by using energy and momentum conservation in the trans-
verse plane. Since the incoming partons have no initial transverse momentum, the vector sum of
the momenta of all outgoing particles must be close to zero in this plane. The missing transverse
energy (FIs) is defined as the magnitude of this momentum imbalance. It is calculated from
its components along the z- and y-axes.

The individual components E™ and E;niss are computed by summing contributions from
all calibrated final state objects, along with an additional track-based soft term that accounts
for tracks not associated with any specific object but still compatible with the primary vertex
[85, 86]:

i miss, soft, trk miss, i
o) = o) - Z Eowy (4.1)

i€objects

where the sum includes contributions from muons (u), electrons (e), photons (), hadronically
decaying 7-leptons, and jets along the x and y axes as

miss, i __ p-miss, p miss, e miss, ~y miss, T miss, jets
Z Em/y B El“/y - Ew/y + Ez/y + E:r/y + E:r/y : (4.2)

i€objects
A specialised overlap removal procedure is implemented to prevent double counting of sig-
natures. Since FI$* depends on the entire event’s activity, it is a measurement with a higher
uncertainty than other reconstructed objects.
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CHAPTER 5

Inclusive Run-2 W27 — /(v{¢ analysis
methodology

5.1 Inclusive Phase Space Definition
This thesis describes the study of the process
pp—>WEZ+X
where X indicates possible additional particles in the final state, and the bosons decay as:
Z—=ete” or Z—utuo

+ + + +
W= —=erv. or W™ —=puy,

Differential cross-section measurements from different observables are performed in the in-
clusive fiducial phase space. The inclusive fiducial phase space is defined to be close to the mea-
surement phase space given by the detector acceptance and the selection cuts to minimize ex-
trapolation uncertainties. An extrapolation to the total phase space is also implemented, whereas
the total phase space is defined as the total production cross section of the W Z with the bosons
decaying to all possible final states in the complete solid angle.

The total phase space encompasses all W Z events in the complete solid angle and all decays.
The fiducial phase space is a subset of the total phase space and considers only fully leptonic
decays of the W Z pair within the detector’s acceptance range and satisfying the applied selection
criteria. Finally, the detector phase space includes events which are reconstructed in the detector.
As not all generated W Z events are reconstructed in the detector, the fiducial phase space is
larger than the detector phase space. However, it is not a subset as events which are generated
outside the fiducial phase space can be reconstructed inside the detector.
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This analysis exclusively considers decays involving Z bosons. Leptons (/*¢~) resulting from
Z boson decay must conform to the stringent invariant mass requirement: 66 GeV < my+,- <
116 GeV.

Table 5.1 presents a comprehensive overview of the requirements imposed upon both the
fiducial and total phase spaces:

Parameter Total | Fiducial inclusive
Lepton |7| — <25

pr of Lz, Oy [GeV] — > 15, > 20
my range [GeV] 66 — 116 | |myz — mLP% < 10
mY [GeV] — > 30
AR(l5,0,), AR(lz, lw) — > 0.2, > 0.3

Table 5.1: Definitive criteria for fiducial and total phase spaces.

where the transverse mass of the IV boson is defined in terms of the lepton transverse momentum
p%, the neutrino transverse momentum p4., and the angle A¢ between the lepton direction and
the missing transverse momentum (p/.),

my = \/ZpeTp%(l — cos Ag). (5.1)

Estimates of the predicted cross-sections, as well as extrapolation and correction factors, are
derived using MC simulations at generator level, employing so-called truth particles—i.e., par-
ticles before any detector simulation is applied. Reconstruction of these truth-level events does
not follow the same approach as that used for data events, outlined in Section 5.2. Instead, a
dedicated method known as the resonant-shape algorithm [87, 88] is used. This algorithm is
constructed to be independent of the details of the MC generator.

Although this method yields a more efficient reconstruction than that achievable at detector
level, it is not applicable to real data due to the lack of full kinematic information, particularly
for neutrinos. The algorithm reconstructs events based on the expected kinematic features of
the W Z final state, specifically making use of the invariant masses and decay widths of the two
bosons. Among all possible configurations of truth particles to the W and Z bosons, the one that
maximises the following likelihood-based estimator is selected:

1

2 PDG\2 |, , TPDG ,,,PDG
My gy — (Mz2%)" iP5 my

1

2 .
2 _ (ma/DG) 44 FE/DG mEPG

P =

: (5.2)
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PDG

PDG
Here, my, "~ and m,,

refer to the world-average masses of the W and Z bosons, while TEP¢
and I')PC represent their respective total decay widths, as calculated by the Particle Data Group
[42].

All quoted differential results are unfolded from reconstruction-level data to the fiducial par-

ticle (dressed) level, further described in Section 5.5.

5.2 Object and Event Selection

5.2.1 Lepton Selection

The identification of W Z event candidates involves selecting events with leptons that meet spe-
cific signal requirements, followed by a refined selection that leverages the unique topology and
kinematics of the signal to assign leptons to the W and Z bosons. This section outlines the
selection criteria for leptons, emphasising the importance of these criteria in differentiating sig-
nal from background events, particularly those with misidentified leptons or more than three
leptons, such as ZZ events.

The lepton selection process is structured in three levels of increasing stringency, where each
level is a subset of the previous one. Initially, the leptons must pass a baseline selection. Leptons
assigned to the Z boson must pass the Z-lepton selection, while those assigned to the W boson
must meet the even stricter I¥/-lepton selection. This is because background noise is more likely
to come from IW-leptons. Consequently, I¥/-leptons are a subset of Z-leptons, and both must
satisfy the baseline criteria. W or Z leptons are also referred to as signal leptons. The detailed
electron and muon reconstruction and identification processes, which motivate the selection
criteria described here, are explained in Sections 4.2 and 4.3.

One of the main purposes of the baseline selection is to construct a veto for events with more
than three leptons, thus reducing contamination from ZZ decays, which yield four leptons. The
baseline requirements are as follows:

« pr > 5 GeV,
* Loose [77, 89] identification criteria for both electrons and muons,

* Electrons must be within the ID range (|n| < 2.5), and muons must be within the precision
muon chambers’ range (|n| < 2.7),

* Matching with the primary vertex, with transverse impact parameter significance |dy/Ad|
less than three for muons and five for electrons, and longitudinal impact parameter |z -
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sin(f)| < 0.5 mm for both of them,

* Baseline electrons must meet the Loose_VarRad [77] isolation criterion, while baseline
muons must meet the PflowLoose_FixedRad [89] isolation criterion,

* Baseline electrons must pass the LooseLH+BLayer [77] identification criterion, ensuring a
selection efficiency of 84 - 96% for electrons with 10 < pr < 80 GeV,

* To avoid double-counting, if a track can be reconstructed as part of either an electron
or a muon candidate, it will be used to reconstruct the muon only. If a track can be
reconstructed as part of two different electrons, it will be used to reconstruct the electron
with the larger transverse momentum. This overlap removal is crucial for accurate event
counting and reducing background.

For signal leptons assigned to Z bosons, the optimised criteria are:

e Z-electrons and Z-muons must meet Medium [77, 89] identification criteria,
* Z-electrons must pass the HighPtCaloOnly [77] isolation,

* Leptons near hadronic jets are excluded to suppress misidentification; electrons within
0.2 < AR < 0.4 of a jet (“e-to-jet overlap removal”) and muons within AR < 0.4 of a jet
with fewer than three tracks are removed (“u-jet Overlap Removal”).

W -lepton candidates are subjected to even stricter criteria:

* |V-electrons must meet TightLH identification criteria and Tight VarRad [77] isolation
whilst W -muons must meet PflowTight FixedRad [89] isolation requirements,

* Electrons produced from photon conversions are typically more isolated than those from
hadron decays. Although they are genuine isolated electrons, they do not originate from
the primary interaction point, classifying them as non-prompt leptons. To address this,
a custom tool (EGammaAmbiguityTool) is utilised to distinguish between electrons and
photons. This tool helps identify candidates that pass either the electron reconstruction
alone or both the electron and photon reconstructions. Background events from Z + ~
decay contribute significantly to misidentified lepton events in the analysis. To mitigate
the impact of photon conversions, any W -electron candidates that also pass the photon
reconstruction criteria are excluded. This selection criterion introduces an inefficiency of

approximately 5% for genuine electrons originating from 1¥/-boson decays. Additionally,
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the DFCommonAddAmbiguity tagger [90] is used to reject misidentified converted photons.
Electrons flagged by DFCommonAddAmbiguity are excluded in the W -selection. This re-
quirement introduces a small inefficiency of around 0.5% for true electrons from ¥ -boson
decays but reduces Z + v background events by approximately 35% in the inclusive W*Z
event selection.

Additionally, stricter pr thresholds are imposed: Z-leptons require p;y > 15 GeV, and W-
leptons require pr > 20 GeV. Electrons are excluded from the barrel-endcap transition region,
and muons must have tracker information available, limiting their range to || < 2.5.

Tables 5.2 and 5.3 provide detailed criteria for the baseline, Z, and W-lepton selections for
electrons and muons, respectively. These tables illustrate the progression from loose to tight
selection criteria, designed to optimize signal detection and background rejection.

Selection Baseline selection 7 selection W selection

pr > 5 GeV v v
Electron object quality

| Netuster| < 2.47,|n| < 2.5
LooseLH+BLayer identification
A8 /o (dE)] < 5

|Azgtsinf| < 0.5 mm
Loose_VarRad isolation

e-to-u and e-to-e overlap removal

SN NN NN

e-to-jets overlap removal

pr > 15 GeV

Exclude 1.37 < |neluster| < 1.52
MediumLH identification
HighPtCaloOnly isolation

pr > 20 GeV

TightLH identification
Tight VarRad isolation
Unambiguous author
DFCommonAddAmbiguity < 0

AN N NN R SR NENENENEN

RN N NN N N N N RN N N NENENENEN

Table 5.2: Three levels of electron object selection used in the analysis.

5.2.2 Missing transverse Energy and Neutrino Reconstruction

Since the ATLAS detector cannot detect neutrinos, their properties must be inferred from all the

other detected measurements in the event. Assuming the initial transverse momentum before the



51

Selection Baseline selection 7 selection TV selection

pr > 5 GeV

In| < 2.7

Loose quality

|dB /o (dBL)| < 3 (for [n] < 2.5 only)
|AzBsin 0] < 0.5 mm (for || < 2.5 only)
PflowLoose_FixedRad isolation

SN NN

u-jet Overlap Removal
pr > 15 GeV

In| < 2.5

Medium quality

pr > 20 GeV
Tight quality
PflowTight FixedRad isolation

AN NN NN NN

NN N N N NN RN NENENENEN

Table 5.3: Three levels of muon object selection used in the analysis.

pp collision is zero, the neutrino’s transverse momentum can be calculated as shown in Equation
4.2.

However, there is no direct constraint on the longitudinal momentum of the proton’s con-
stituents before the collision. The Parton Distribution Function only provides a probabilistic
distribution of the parton momenta within the proton.

To solve this problem, one can constrain the mass of the W, to find the missing z-momentum
of the v, under the assumption that all the missing transverse energy comes from the neutrino
(which is the decay product of the W), and the W is on-shell.

For a W+ — [*v decay:

2

m v 7 N v
= = BB = pp - pp — plp,
(5.3)
0 v\2 02 102 02 ( 42 V2 . miy ¢ v
= (f—pzpz) =F"E""=F (pT + p ) with §:T+pT-pT.
Simplifying and solving the previous equation brings:
te+ VA
Pl = ]?ZéT, 5.4)
Dbr

where:

A= pl'e —ph [ Bpp? - ] (5.5)
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For cases where A > 0, the solution with the smaller absolute value is chosen. For cases where
A < 0 and there are no physical solutions (which can happen due to the natural decay width of
the W, or incorrectly measuring Es due to detector noise or by misidentification of leptons or
background events), the real part of the complex solution is chosen [91].

The ATLAS Run-2 W Z analysis team has also developed a neural network (NN) regression
model using TensorFlow v1.3 [92] with the Keras v2.2.4-tf [93] backend to estimate p%,. The NN
was trained on a W Z-inclusive NLO Powheg+Pythia sample to reconstruct p%, using the inputs:

* pr and 7 of the charged lepton associated with the W boson,

* Missing transverse momentum components along and perpendicular to the direction of the
charged lepton associated with the W boson,

* The reconstructed p” from the baseline analytic method (choosing the smallest |p|if A > 0
or the real part if A < 0).

This input selection exploits rotational symmetry, reducing the number of inputs to five, which
leads to faster training and better overall performance.

To ensure the neural network regression aligns with the W boson mass constraint, a new
Keras layer was implemented to compute the 1/ mass from the regressed neutrino momentum
and the true momentum of the charged lepton. This layer, devoid of trainable parameters, is
utilised to formulate a loss function targeting 1" mass reconstruction.

The final loss function for training the NN combines the mean squared errors of the neutrino
momentum components and the 1/ mass. The true value of my, is used as the target, allowing
the NN to account for the natural width of the W boson, contrasting with the analytic method
above, which forces the I/ boson to be on shell. Further details of the implementation of the NN
are found in [88].

5.2.3 Reconstruction of m!\?

The Z boson can now be reconstructed by summing the four-momentum of the two leptons from
the decaying Z. The four-momentum of the IW-lepton and the four-momentum of the neutrino,
obtained by E7¥*** and the NN output of p?, can also be summed to reconstruct the W boson.
The vector sum of the W and Z boson’s four-momenta, is called the “IV Z-system”. The
transverse mass of the W Z is reconstructed by taking the four-vectors of the final state leptons,
associated to the W and Z bosons, projected on the transverse plane by neglecting their longi-
tudinal component. Then the m!'# is defined as the invariant mass of the system built with the

projected four-vectors of the three leptons and ERss:
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5.2.4 Selection of W Z Candidate Events

The selection process for W Z candidate events involves several steps, which are summarised in
Table 5.4

* At first, basic data quality requirements are imposed on the event so that corrupted events
detected by LAr, Tile, or the SCT are vetoed. Event cleaning is further done by rejecting
events consistent with having at least one misidentified jet from pile-up or beam interac-
tions. Events are required to have a primary vertex with at least two associated tracks.

* Events are selected with a dedicated trigger algorithm that identifies electron and muon
candidates that fulfil isolation and minimal energy requirement: 25 GeV in 2015 and 27
GeV in 2016-2018, due to the higher instantaneous luminosity in the later data taking
period.

* Events are required to have less than four baseline leptons to decrease the background
contribution from ZZ processes with four leptons.

* Events must have exactly three leptons satisfying the Z-selection and one of these leptons
has to be identified as satisfying the trigger.

* A 7 boson candidate is formed with two same-flavour, opposite-charge (SFOC) leptons. If
more than one pair is possible, the pair whose dilepton invariant mass m; is closest to the
7 boson mass mLP¢ is taken as the Z boson candidate. This Z boson candidate must have

an invariant mass within a window of 10 GeV around m%P¢.

* The third and remaining lepton is required to pass the W lepton selection criteria. The
W boson is reconstructed from this lepton and E}"**. The transverse mass (defined in
Equation 5.1) of the W candidate is required to be above 30 GeV, or else the event is
disregarded.



54

Inclusive event selection

Event cleaning Reject LAz, Tile and SCT corrupted events and incomplete events
Primary vertex Hard scattering vertex with at least two tracks

Z 7 veto Less than 4 baseline leptons

N leptons Exactly three leptons passing the Z lepton selection

Leading lepton p; piead > 25 GeV (in 2015) or p'¢d > 27 GeV (in 2016-2018)

Z leptons Two same flavour oppositely charged leptons passing Z-lepton selection
Mass window | My — Mz| < 10 GeV

W lepton Remaining lepton passes I¥/-lepton selection

W transverse mass ml¥ > 30 GeV

Table 5.4: Overview of the inclusive event selection. Leading lepton refers to the lepton with the
highest transverse momentum pr in a given event.

5.3 Background estimation

Various background processes produce final states that mimic those expected from W Z produc-
tion, affecting the event selection. These processes can be grouped into two broad categories:

1. Irreducible Background: These are processes with at least three real leptons in the final
state. Leptonic decays of ZZ events are the dominant contribution to irreducible back-
ground processes, followed by ¢V events. Some other processes such as V'V V and ¢Z also
contribute slightly to this kind of background. V refers to either the W or Z vector boson.

2. Reducible Background: These are processes that include at least one non-prompt (or
“fake”) lepton. These leptons arise when jets are incorrectly identified as leptons or when
non-prompt leptons emerge within jets. Common sources include processes such as 7Z+jets,
Z~, tt, Wt, and WW. A data-driven approach called the Matrix Method [94] is employed
to estimate this background.

5.3.1 Irreducible Background

7 7 events

The largest background contribution to the signal region comes from the process ZZ — (¢~ (T(~,
where one lepton fails the lepton identification requirements or falls outside the acceptance of
the detector. Such events are minimised by vetoing events with more than three leptons (Table
5.4).
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Dedicated MC events with ¢q¢ — ZZ and g9 — ZZ processes are simulated to estimate the
amount of ZZ events that survive in the W7 selection. The MC is validated in a dedicated
control region (CR) enriched in ZZ events. (A control region is defined by a set of selection
criteria that isolates a subset of events enriched in a specific background process and depleted
in the signal of interest.) The definition of the four-lepton control region is the same as the final
W Z event selection (Table 5.4), except that the ZZ veto condition is reversed.

In the ZZ control region, selected events must contain two leptons of the same flavour but
opposite charge, and their invariant mass must be within 10 GeV of the Z boson mass (|M, —
My| < 10 GeV). If more than one pair of leptons can form a Z candidate, the pair with the
invariant mass closest to the Z boson mass m5”% is chosen. These leptons must pass the Z-
lepton criteria specified in Tables 5.2 and 5.3. In addition, the event must include two more
leptons: one that fulfils the 1/ -lepton criteria and has a pr > 15GeV and the other that fulfils the
baseline lepton criteria and has a pr > 5GeV.

In the control region, a high purity of ZZ events of 88% is obtained. Based on the total
event yield observed in data compared to MC in this region, the ZZ MC prediction is scaled
by a global factor of 1.10 to normalise the MC prediction to the observed yield in the control
region. A global normalisation uncertainty of 10% is additionally assigned to this background to
account for theoretical and modelling uncertainties such as scale and PDF variations, following
the prescription used in ATLAS Run 2 analysis for this channel [95]. Figure 5.1 shows the key
kinematic distributions in the ZZ control region.

ttV events

The modelling of ¢V events uses another control region. This region is selected by applying the
full W Z selection criteria (Table 5.4), but in addition requiring two hadronic jets, identified with
a b-tag [96], which are assumed to originate from the decay of a b-hadron. Jets in in the central
region (|n| < 2.5) and with pr > 25 GeV are tagged with an 85% b-hadron tagging efficiency
[88].

In this control region, a high purity in ¢tV events of 83% is obtained. The ¢tV MC prediction
is scaled by a factor of 1.30, derived from the ratio of observed to expected event yields in the
ttV control region. A 15% global normalisation uncertainty is also assigned to this background,
accounting for theoretical modelling uncertainties including scale and generator choices, as rec-
ommended in the ATLAS Run 2 analysis for this channel [97]. Figure 5.2 shows the m/)¥ distri-

bution in this control region.
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Figure 5.1: Control distributions in the ZZ control regions of the first Z boson’s (a) invariant
mass, mz, (b) transverse momentum p%. The violet band represents systematic uncertainties which
include a global normalisation uncertainty of 10% on the MC contribution. Taken from [88].
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5.3.2 Reducible Background and the Matrix Method

The previous section talked about irreducible backgrounds which are estimated using MC simu-
lations and validated in control regions. This approach assumes that the simulation accurately
models the identification and isolation criteria for real leptons. However, accurately simulating
the detector’s response to real leptons is challenging, and discrepancies are typically corrected
with scale factors. While these scale factors adjust for discrepancies in real lepton detection, no
such corrections exist for objects misidentified as leptons. Consequently, MC simulations might
not accurately predict the yield of these misidentified objects in the signal selection. Given these
limitations, data-driven methods are preferred for estimating these backgrounds. In this WZ
analysis, the Matrix Method is used to estimate this misidentified background.

The Matrix Method is a well-established data-driven technique, previously utilised in several
particle physics analyses (for example in [94]). The purpose is to determine, statistically, how
many events in the signal region arise from objects misidentified as prompt leptons.

Since fake leptons cannot be identified on an event-by-event basis in data, the estimation
must be done using statistical methods. The approach begins by defining a Loose Signal Region
(LSR) — a set of events that satisfy the kinematic selections of the signal region but contain
leptons that do not pass the Tight lepton selection criteria. These Loose leptons satisfy basic
identification requirements but fail stricter cuts, such as isolation.

To estimate how many fake leptons pass the Tight selection and thus contribute to the signal
region, a fake factor (F) is introduced. This is measured in a control region that is enriched in
fake leptons, such as events dominated by multijet production. The fake factor is defined as:

M

Fi_ A VA
fi  Nr

(5.7)
where f; is the probability that a fake lepton in p; bin i passes the Tight criteria, and f; =
1 — f; is the probability that it fails. Ny is the number of fake leptons passing the tight lepton
requirements and N, is the number of fake leptons failing the tight lepton requirements. The
fake factor is used to extrapolate from the LSR to predict the number of background events in
the Tight signal region.

An illustration of the methodology is shown in Figure 5.3, where the transfer factor F' is
derived from a control region enriched in fake leptons and applied to the Loose Signal Region.
This visual helps clarify how the method statistically extrapolates fake backgrounds into the
signal region using data-driven control measurements.

Corrections are applied to account for differences between control and signal regions, such as
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Figure 5.3: Illustration of the Matrix Method methodology. The transfer factor F' = Np/Nr is
measured in a control region enriched in fake leptons and applied to the Loose Signal Region to
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estimate the fake background in the signal region. Taken from [57].

detector effects, kinematic mismodelling, or variations in the fake lepton composition.
The Matrix Method provides a formalism for this estimation by categorising events based on
whether leptons pass or fail the Tight selection. In this method, leptons are classified as follows:

* Real Leptons (R): Prompt electrons or muons produced from the decay of W or Z bosons.

* Fake, non-prompt Leptons (F): Objects that are not true leptons but pass the lepton selec-
tion criteria, such as hadrons, non-isolated leptons from heavy-flavour decays, or electrons

from photon conversions.

» Tight Leptons (T): Leptons passing the full signal selection, including identification and
isolation criteria (see Tables 5.2 and 5.3). These may include both real and misidentified

fake leptons.

* Loose Leptons (L): Leptons passing a looser set of criteria (Table 5.5) but failing the Tight

selection.

In W*Z events, the three leptons in the final state are organised as: the lepton from the W
decay, the highest-pr lepton from the 7, and the second lepton from the Z. Events may contain

both real and fake leptons and are categorised as:

* Nggrr: Events with three real leptons from prompt decays. This includes genuine W+Z7

events and irreducible backgrounds such as ZZ and ¢ + V;.
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Electrons Muons
pr > 15 GeV pr > 15 GeV
In| < 2.47 In| < 2.7

1(1.37 < |n| < 1.52) -
Pass Loose LH ID Pass Medium LH ID
|Azpsinf| < 0.5 mm | |Azysiné| < 0.5 mm
|do/o(do)| <5 |do/o(do)| <3

Table 5.5: Baseline requirements for leptons considered in the Matrix Method. Loose leptons
satisfy this selection but fail the tighter signal criteria, whereas Tight leptons pass both. LH ID
represents the Likelihood Identification criteria.

* Nrgrr: One fake lepton (from W), two real leptons (from Z); dominant in processes like
Z+jets, Z + 7, tt.

* Ngrgrr and Ngprr: One fake lepton misassociated with the Z; seen in Z+jets, Z + ~, and tt.

* Nprr, Nerr, Nrrr, Nrppp: Events with two or more fake leptons; rarer, originating from
W +jets, tt, and QCD.

We define e as the probability that a real lepton is identified as Tight, and f as the probability
that a fake lepton is misidentified as Tight. The complementary probabilities are € = 1 — ¢ and

f=1-17.

The expected event yields in data can be written as an 8 x 8 matrix equation:

Nrrr erezes e€reafs e1faez e1fafs fieses fieafs fifaes  fifafs NRrrr
Nrrp, e1e28s e1eafs e1fafs erfofs fieofs fieafs fifefs fifofs NRrr
Nrpr e1e2e3 e18afs e1faes eifofs fieses fieafs fifaes fifofs Nrrr
Nirr _ | Eac263 5162{3 51{263 51{2{3 frezes J?1€2Ji3 fT1Ji2€3 fl]i?]ii% Nrrr (5.8)
Nrrr e16263 €162f3 e1f2e3 e1fafs fie2e3 fieafs fifaes fifafs Nrrr
Nire rexfs Ereafs €1fafs efofs fieofs fieafs fifees fifofs Nrrr
Nirr G16ae3 €162f3 €1 faes E1fofs fiezes fieafs fifaes fifofs Nrrr
Nrrr e1:283 E1eafs e fafs efafs fieees fieafs fifees fifofs Nrprr

The matrix coefficients encode the probabilities that real or fake leptons pass or fail the Tight
criteria. Since Nppr and Ny, are negligible, they are removed, reducing the systemtoa 7 x 7
matrix.

After inverting Equation 5.8, one can solve for the number of events in each category [88]. In
particular, the number of fake leptons contributing to the signal region is estimated using:
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_ z : red,i 1 z : red,i 1 § : red,i 1
Nfake_ NTTL FZ+ NTLT FZ+ NLTT FW

2: red,ij ppi 1nj E: red,ij rai nj E: red,ij rai nj
- Ny " Fp by — N~ Fy Fy — Nur™ FwFyz

1] 0] 1,J

5.9)

where 7 and j run over bins in fake lepton py. Fj, and F% are fake factors for fake leptons
originating from W and Z selections, respectively. N{j‘?,f denotes the number of events in the LSR
after subtracting irreducible backgrounds (from MC):
o8 = Ny — NI (5.10)
Electrons and muons from W and Z boson candidates have different isolation and identifi-
cation criteria, so separate fake efficiencies are calculated for each. The control regions (CRs)
used to measure these fake factors must closely match the composition of the signal regions. The
main sources of fake leptons are:

* W leptons: Mainly from Z+jets or and Z~ processes.
* Z leptons: Dominantly from ¢t events.

The different selection criteria for each of the control region is listed in Table 5.6.

To validate the methodology, a closure test is performed using Monte Carlo simulation. The
first row of Table 5.7 shows the number of events in the signal region containing at least one fake
lepton, as identified directly in MC using truth-level information. This includes contributions
from , Z+jets, and Z~ events. The second row shows the fake background estimated using
the Matrix Method, where fake factors are derived from MC control regions and applied to
Loose Signal Regions, mirroring the data-driven approach. The final row presents the ratio of
the Matrix Method prediction to the MC truth. Good agreement within uncertainties across all
channels confirms the reliability and robustness of the estimation procedure.
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Z+jets CR Photon conversion | ¢t CR
CR
Object se-
lection * > 2 Z-type leptons > 2 Z-type muons, | * > 1 Z-type
¢, same flavour, opposite charge electron ey
. i
opposite charge (wrp™) « > 1 Z-type muon
o |my —mLP% < 15 55 < my,, < 85 GeV iy
GeV .
Fake lepton is  charge(uyz) -
* Fake lepton is highest p; Matrix charge(ez) <0
highest p; Matrix Method lepton )
Method lepton * nge lepton is )
Construct “fake highest pr Matrix
* Construct “fake W?” from fake and Method lepton
W” from fake and EL.. )
ET. * Lepton with
e mlY < 30 GeV different flavour
« myY <30 GeV . than fake passes
e BT <30 GeV (i P = G " -lepron
fanlllés eTectrorf) 1 Myt = fake < 109 requirements: fy
_ GeV « charge(fake) -
* my > 81 GeV (lf charge(lW) >0
fake electron)
Table 5.6: Summary of the control regions selection. Taken from [88].
Source eee efufs uee o Total
(tt + Z+jets + Zv) MC 272.4 + 8.6 337.9+9.8 129.74+6.4 274.7+ 8.8 1014.7 £ 17.0
Matrix Method result 271.4 + 26.2 344.3 + 28.2 129.54+7.6 275.1+£16.0 | 1020.3 £77.6

Ratio

| 1.004 +0.102 | 0.981 +0.085 | 1.001 +0.077 | 0.999 + 0.066 | 0.994 + 0.077

Table 5.7: Comparison between tt + Z+jets + Zv MC and the Matrix Method result [88].
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5.4 Observables of Interest

The results of this analysis are derived from the measurement of observables related to the W,
Z, and W Z system. These measurements are made by reconstructing the bosons from the de-
tected leptons. Broadly speaking, the observables fall into two categories: Kinematic observables
and angular observables. Kinematic observables are those directly measured or calculated from
the detector data, reflecting the intrinsic properties of the particles or systems in the lab frame.
In contrast, angular observables are derived from these kinematic measurements, often requir-
ing transformations into different reference frames to reveal the angular relationships between
particles.

5.4.1 Kinematic observables

The following kinematic observables are studied within the scope of the thesis. Differential
distributions of each of these observables are made in binned histograms.

pZ

The transverse momentum of the Z is calculated by adding the 4-momentum vectors of the two
reconstructed Z-leptons. The transverse momentum (pr) of the Z boson gives an indication of
how much the Z boson has been accelerated or ‘boosted’ in the transverse plane. This boost
affects the energy and momentum distribution of the decay products.

py

The transverse momentum of the W is calculated by adding the transverse vectors of the recon-
structed neutrino and the reconstructed ¥ -lepton. This measurement gives an indication of how
much the W boson has been accelerated in the transverse plane. Because it is in the transverse
plane, the inaccurate estimation of the longitudinal component of the neutrino, p?, is avoided.

w2z
mr

The m!¥# observable (Equation 5.6) is the invariant mass of the “W Z-system” in the transverse
plane. It is constructed from adding the 4-momentum vectors of the reconstructed W and Z
bosons. Because this is a quantity of the I/ Z system, it is a good probe of the triple-gauge vertex
in the s-channel production mode (see Chapter 2.5.1).
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Py

The transverse momentum of the neutrino, p4, is determined by the E' of the event.

5.4.2 Angular observables

The 4-vectors of the reconstructed bosons, and all their corresponding quantities listed above
are calculated in the lab frame. This has the draw-back that because events will have different
W Z system momenta, the decay products will be boosted differently.

Angular distributions are useful because one can transform the event to the centre of mass
(CM) frame, which will give observable distributions that are independent of the boost. Angles,
being ratios of measured quantities, often have reduced systematic uncertainties because many
detector-related errors cancel out when taking ratios. This makes angular observables particu-
larly useful for precision measurements. The following angles are considered in the analysis:

| cos Oy |

The reconstructed W and Z four vectors build the W Z system rest frame. By definition, in this
rest frame, the W and Z bosons will be back to back, with equal and opposite momentum. The
angle of the boson with respect to the beam-line (z axis) can then be found and the cosine of
this angle is denoted as cosfy, or cosfz, shown in Figure 5.4. Because the decay is back to
back, the magnitude for cosine of both the angles are the same. Since the reconstruction of
the Z boson is better, the absolute value of this is taken as the measurement for the observable
| cos By/|. However, it should be noted that to obtain the W Z rest-frame, information about the
p? is needed, and so while the Z boson is very well measured, this observable is affected by the
uncertainty of the neutrino reconstruction.

* *
cos 0, and cos Oy,

Also considered is the angle at which the leptons decay relative to the direction of their parent
bosons. The leptons are thus boosted twice: the first boost takes them from the lab frame to the
W Z system rest frame and the second boost takes them to their parent boson rest frame. In this
rest frame, the cosine of the angle the lepton makes with respect to the direction of the parent
boson is calculated. This is also shown in Figure 5.4.

For the case of Z, the lepton (negatively charged) is considered. For the case of IV, the cosine
of the angle is multiplied by the charge of the lepton (as the lepton can be either positively or
negatively charged).
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5 .
%\‘

Figure 5.4: Illustration of the cosine angular observables. 0y is the angle that the Z boson makes

with the beamline in the W Z rest frame. 07 and 6y, are the angles that the leptons make with

respect to the parent boson direction in the rest frame of the boson.

v

¢y, and ¢y,

For these angles, a new plane is defined using the direction of the boson and the beam direc-
tion. Specifically, in the rest frame of each boson V' = W, Z, a right-handed coordinate system

(«',y, 2') is constructed as follows:

* The 2/-axis is aligned with the boson momentum direction b = /|y |, as observed in the
W Z centre-of-mass frame,

e The y/-axis is given by ¢ = Zpeam X 13, where Zpeanm i the beam direction in the laboratory
frame,

* The 2/-axis is then defined to complete a right-handed basis, # = ¢ x b.

The azimuthal angles ¢7 and ¢j;, are defined as the angles between the projection of the
charged lepton momentum (from the respective boson decay) onto the (z’,y’) plane and the
x’-axis. A schematic illustrating this construction is shown in Figure 5.5.

It is important to note that this angle, like the polar angle, is defined in the parent boson rest
frame. The choice of this frame ensures consistency and allows for a proper interpretation of
spin correlation effects.

In the case of Z bosons, the negatively charged lepton is considered for defining ¢7,. For
W bosons, however, no charge multiplication is applied to the angle. This is motivated by the
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observation that the azimuthal angle the negative lepton makes around the W~ is equivalent
(up to a sign) to the angle the positive lepton makes around the W*. Therefore, summing the
distributions of ¢y, for both W and W~ preserves all relevant information and does not wash
out physical effects.

Figure 5.5: Illustration of the ¢* of the leptons with respect to the plane defined by the beam
direction and the parent boson direction, in the rest frame of the parent boson. A right-handed axis
convention is used, as defined in the text.

5.5 Unfolding

5.5.1 Particle level definition

To allow a direct comparison between detector-level measurements and theoretical predictions,
it is necessary to correct the observed data for detector effects such as limited resolution, accep-
tance, and reconstruction efficiency. This procedure is known as unfolding. The goal of unfolding
is to recover the underlying particle level (truth-level) distributions that would be measured by
an ideal detector. In this analysis, the measurement is unfolded to the level of dressed leptons.
Dressed leptons are defined by incorporating nearby photons that originate from final state
radiation (FSR), a process in quantum electrodynamics (QED) in which charged leptons emit
photons after the hard scattering process. This radiation can significantly alter the measured
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momentum and direction of the lepton, particularly for electrons. Therefore, accurate treatment
of FSR is essential when defining lepton-level observables.

In experimental and theoretical contexts, leptons are typically categorised into three different
definitions based on how QED radiation is treated:

* Bare leptons: Leptons after final state radiation has occurred, excluding any radiated
photons. These represent the particles directly produced by the interaction but do not
account for energy lost to photon emission.

* Dressed leptons: Leptons reconstructed by combining the bare lepton with all photons
radiated within a small angular cone around it. In this analysis, photons within AR < 0.1
of the lepton are included. This reflects the way electrons and muons are reconstructed in
the detector, where nearby photon energy is typically clustered with the lepton, especially
in the case of electromagnetic showers.

* Born leptons: Leptons at the Born (tree-level) stage of the interaction, before any QED ra-
diation has taken place. These are useful for theoretical calculations but do not correspond
to directly measurable quantities.

5.5.2 Unfolding methodology

In this analysis each observable defined in Section 5.4 (after the event and object selections
of Sections 5.2) is filled into a reconstructed (detector-level) histogram using the selected re-
constructed electrons, muons and MET objects. Background contributions b; (irreducible from
MC, reducible from the Matrix Method) are subtracted bin-by-bin. The resulting background-
subtracted reconstructed spectrum is then unfolded, observable by observable, to the fiducial
particle level defined with dressed leptons. Dressing is applied only on the truth side when
building the response; reconstructed leptons are used as “undressed”.
The relation between observed data at the detector level and the true underlying distribution
at the particle level is written as
ni = Ris;+b, (5.11)
J

where n; denotes the total number of observed events in the i-th reconstructed bin, s; is the
number of signal events in the j-th truth (fiducial) bin, R;; is the response matrix, which maps
the migration of signal events from the fiducial bins to the reconstructed bins and b; represents
the background events present in the i-th bin.

The response matrix R;; combines the effects of :
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* Efficiency correction: This accounts for both inefficiencies in the detector and events mi-
grating out of the signal region due to finite resolution and limited acceptance. It is defined
as the ratio of simulated events passing both the reconstructed and fiducial selections to
those passing only the fiducial selection. The efficiency correction is applied in bins based
on the fiducial phase-space.

* Migration matrix: The migration matrix captures how events move between the truth
and reconstructed regions. Specifically, the entry i;j describes the probability that an event
generated in the j-th truth bin is reconstructed in the i-th bin.

* Fiducial correction: This correction addresses effects that cause events generated outside
the fiducial region to be reconstructed inside the signal region. It is defined as the ratio
of events passing both reconstructed and fiducial selection criteria over those passing only
the reconstructed selection. This correction is applied on a per-reconstructed-bin basis.

Two other parameters called Stability and Purity also inform the unfolding procedure. Stabil-
ity is the fraction of truth events in a bin that are reconstructed in the same bin, while purity is
the fraction of reconstructed events in a bin that originated from the same truth bin.

A schematic of the unfolding components is shown in Figure 5.6 and can be mathematically
described as an inversion of Equation 5.11:

sj=Y Ry (ni—b). (5.12)

Direct algebraic manipulation of the response matrix is usually not feasible due to potential
issues of the matrix being singular, which can lead to numerical instability. Additionally, this
approach often results in large statistical fluctuations and uncertainties. Multiple approaches
exist to unfold the data in a more regularised way. This analysis uses the Bayesian Iterative
method [99].

In this approach, a prior guess of the true distribution is made. Using the response matrix,
Bayes’ theorem is applied iteratively to refine the guess. After each iteration, the estimate of
the true distribution is updated based on the measured data. The process continues until the
estimate stabilizes, providing a corrected distribution that accounts for detector effects.

The Iterative Bayes technique is implemented in the VIPUnfolding framework which calls
the RooUnfold [100] package. The framework implements the determination of data statistical
uncertainty using multiple pseudo-datasets (called “toys”) as was done in [94].
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Figure 5.6: Schematic view of the unfolding procedure. Taken from [98].

5.6 Systematic Uncertainties

5.6.1 Systematic uncertainties from particle reconstruction

Sources of systematic uncertainty from particle reconstruction are related to the physics objects
used in this analysis. These uncertainties are centrally derived by specialised performance groups
within ATLAS. These groups compile sets of variations that encompass all potential uncertainties,
typically covering object identification, reconstruction, isolation, and kinematics measurements.
The variations are applied to all MC samples, and their effects are propagated to the final yields
and distributions.

Sources of experimental systematic uncertainty include pile-up reweighting, as well as uncer-
tainties in electron energy, muon momentum, missing transverse energy (EF5), and jet energy
scales and resolutions (see Chapter 4). Additional uncertainties come from the scale factors
applied to simulations to match data for trigger, reconstruction, identification, and isolation effi-
ciencies. These uncertainties affect both signal predictions and MC-based background estimates.

5.6.2 Luminosity uncertainty

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [101], determined
using the LUCID-2 detector [102]. This uncertainty is applied to the normalisation of the signal
and to all background estimates based solely on MC simulations (irreducible backgrounds).
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5.6.3 Background uncertainty

Uncertainty in the reducible background events is determined via the data-driven Matrix method
approach detailed in Section 5.3.2. The reducible backgrounds have a total uncertainty of the
order of 20% - 25% [88].

A flat normalisation uncertainty is applied to irreducible backgrounds, meaning that the same
percentage uncertainty is assigned uniformly across all bins of the distribution. The overall
magnitude of these uncertainties is estimated either from scale and PDF uncertainties or by

comparing the predicted and observed cross-sections in dedicated analyses. These are listed in
Table 5.8.

Background | Unc.
tt+V 15%
tZ 15%
WZjj-EW | 25%
VvV 30%
YA 10%

Table 5.8: Flat normalisation uncertainties for the irreducible background processes.

5.6.4 Parton Distribution Function (PDF) uncertainty

The PDF set used for simulating the MC W Z samples is the NNPDF 3.0 PDF set. Following the
PDF4LHC recommendations [103], a 68% confidence level for the PDF uncertainty is obtained.
The PDF uncertainty is evaluated as the standard deviation of results computed using the 100
NNPDF 3.0 replicas, which corresponds to a 68% confidence level. In the NNPDF framework each
replica is produced by refitting a bootstrap replica of the experimental data, so the ensemble of
replicas samples the full statistical and systematic spread allowed by current measurements. For
each bin i in the observable’s histogram, the uncertainty is calculated as:

Nrep

1 2
ApprN; = >~ (N Rene = (Niweor) ) (5.13)

Npep — 1

where k € {0,1,2,...,nwp}, and nyp = 100, with £ = 0 corresponding to the central PDF. The
mean of the PDFs is calculated as:

TNrep
1

> N Nwor- (5.14)

Trep 1

(N; NNPDF) =
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5.6.5 QCD scale uncertainty

The matrix element of a process depends not only on the kinematics of the incoming and outgo-
ing particles but also on the renormalisation scale ni and the factorisation scale ;- (see Section
2.4.1). Ideally, the choice of these scales would have no impact on the results if all orders of
perturbation theory could be considered, but this is not currently feasible. To account for the
uncertainty introduced by the scale choices, a procedure is employed where each scale is varied
independently by factors of 0.5 and 2.0 relative to its nominal value. Excluding the extreme cases
of {0.5,0.5} and {2,2} for (ug,ur) (as they represent the largest possible deviations from the
nominal scales which can lead to unrealistic uncertainty estimates) the maximum and minimum
values of the cross-sections are taken. The differences between these values and the nominal

cross-section are used to define the positive and negative scale uncertainties.
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CHAPTER 6

SMEFT Predictions, Setup and Statistical

Framework

6.1 Predictions and observables in SMEFT

Beyond the Standard Model effects can manifest themselves in observables that can be seen with
the detector. Truth-level distributions are then be obtained through unfolding (section 5.5). This
analysis examines all angular observables from Section 5.4.2 and the m/’# kinematic observable.
For this high-statistics process, cross-sections are analysed differentially as binned distributions.

6.1.1 Parameterisation of SMEFT - The Decomposition method

In SMEFT, the coupling strength of the new physics operators is parameterised through the
Wilson coefficients. From the Effective Lagrangian given in Equation 2.23, the amplitude matrix
element can be found. The square of the amplitude matrix element (A) gives the cross-section
in terms of the Wilson coefficients:

OSMEFT X \ASMEFT\2 = | Asm + Z Az@\z

= | Asu|®

o

+3 5o (A§6>A§M)
i (6.1)
A

Vel (6) 4(6)
(3 9 *
> 20 (AA0")
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where only dimension-6 or lower operators are considered. The first term in the expansion is
the square of the purely SM amplitude. The second term is the interference term of the SM and
the SMEFT amplitudes (also called the linear term). The third term is called the quadratic term
which is the square of the SMEFT amplitude, and the fourth term is called the cross-term which
is the interference of a SMEFT operator’s amplitude with another SMEFT operator’s amplitude.

The cross-section predictions can be broken down (i.e. “decomposed”) into the parts de-
scribed above:

OSMEFT = OSM + Oint + Oquad + Ocross - (62)

This procedure is known as the Decomposition method. To minimize the perturbative QCD
uncertainties in extracting the SMEFT Wilson coefficients, the parameterisation of the predicted
cross-section can be calculated as a relative correction to the Standard Model prediction at the
highest available order for each process:

(N)NLO ol Uéll\j;%lo o

J— nt Cross

osmerr = Oy X | 14+ —q5i6 + —mme T “moio | - (6.3)
OsMm SM SM

Therefore, any observable Oy, such as the cross-section of a specific process in a measurement
bin b, can be expressed as:

Oy = OSM 1+ Z Apici + Z Bbz-cl2 + Z Chijcici |, (6.4)
i i i<j
where O;M is the Standard Model (SM) value, and A, By, and Cy; represent the linear,
quadratic, and cross-term coefficients of the weights relative to the SM value. Once the values
of Ay, By, and Cy,;; are known, a continuous prediction of O, in terms of the Wilson coefficients
is available.

The oquad and oeoss terms are suppressed by a factor of A~*. The lowest-order cross-section
terms generated by dimension-8 operators that involve interference between SM and dimension-
8 SMEFT operators are also suppressed by a factor A=, Since this analysis focuses exclusively on
dimension-6 operators with at most two non-zero Wilson coefficients at a time, we consistently
set all dimension-8 operator coefficients to zero. This simplified approach is justified because
we are specifically interested in isolating and constraining the effects of individual dimension-
6 operators and their pairwise interactions, without the additional complexity introduced by
dimension-8 contributions that would compete at the same order as our quadratic and cross-
terms.
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6.2 SMEFT Monte-Carlo Generation

Observables for different configurations of Wilson coefficient parameters are estimated using
Monte Carlo simulations. SMEFT Universal FeynRules Output (UFO) [104] models, like SMEFTsim
3.0 [40] and SMEFTatNLO [105], are integrated with Monte Carlo generators such as
MadGraph5_aMC@NLO [53] for simulating the hard-scatter process. Following this, PYTHIA [51] is
used for particle showering to simulate particle-level events. These events can then be processed
through detector simulations to obtain the observable distributions at the detector level.

SMEFT UFO models in MadGraph allow for generating separate contributions of the matrix
element squared, |Aswerr|®, by making use of syntax that separates the different terms arising
from the matrix element squared equation. For instance, in SMEFTsim, it is possible to generate
separately the distributions' for sy, Gint, and oquad OF Teress [40].

For the thesis, the effect of SMEFT operators is simulated at leading order with the {my,, mz, G}
electroweak input parameter scheme. All lepton generations and the first two quark generations
are treated as massless. The top (section 2.3.3) flavour symmetry is used, to be as general as
possible.

Dedicated samples for the SM as well as the linear and quadratic effects of dimension-6 oper-
ators, including cross terms, are generated at leading order using MadGraph5_aMC@NLO version
2.9.9 and the SMEFTsim 3.0 model. These events are interfaced with Pythia 8.244 for parton
showering and hadronisation. Decays of bottom and charm hadrons are handled by EvtGen [49].
Particle-level events are subsequently analysed in the inclusive phase space defined in Section
5.1 using Rivet 3.1.2 [106] (a generator-independent framework that applies particle-level
analyses to Monte-Carlo events to validate and tune Monte Carlo generators).

The presence of dimension-6 operators can alter the mass and width of intermediate particles,
particularly when these particles are on-shell (at resonance). This occurs because these higher-
dimensional operators introduce modifications to the particle self-energies and couplings, which
directly affect their physical properties. When particles are on-shell, these modifications become
especially significant as they alter the position and shape of the resonance peak in scattering
amplitudes, leading to measurable deviations in experimental observables. These effects are
treated in calculations by computing propagator corrections using linearised SMEFT expansions
while neglecting quadratic terms, as implemented in tools like SMEFTsim 3.0 [40, 107].

Higher-order QCD and electroweak corrections (section 2.5.1) are approximately included

1SM only: NP~2==0. With only ¢; nonzero, NP~2==1 isolates the linear piece A; in oj; NP~2==2 gives the
quadratic By,; in oguaq. For the cross term Cy;;, turn on ¢; and c¢; with NP~2==2 and subtract the individual B;; and
By;.
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under the assumption that their relative effect remains unchanged by the presence of dimension-
6 SMEFT operators [107]. To emulate NLO QCD effects, a ‘merged’ Monte Carlo generation
strategy is employed. This involves simulating an additional process that includes the final
states of interest as well as an extra jet. This approach incorporates leading-order proton-
proton diagrams that produce a jet in the final state, effectively including all next-to-leading-
order process that do not involve loops, by modelling an additional hard jet in the matrix element
calculation instead of the Parton shower. This method is referred to as the “0+1j” strategy, where
both the signal process and the signal plus one jet process are simulated.

When multiple processes are specified, MadGraph5_aMC@NLO automatically calculates the cross-
section for each process. The program then generates events for each process in proportion to
these calculated cross-sections.

6.2.1 Validation of the merged sample strategy with the best SM prediction

The ‘merged’” MC strategy of adding new processes with the same final state but including a
jet is a way to include some NLO QCD effects while still generating the process at LO. This
strategy is not only computationally efficient but also provides the opportunity to probe multiple
EFT operators simultaneously using the decomposition method: a feature not available with
SMEFTatNLO [105, 108]. It is pertinent to note, however, that the 0+1j merged solution tries to
only model NLO behaviour by modelling of additional jet radiation - not by considering virtual
corrections such as loops.

A state-of-the-art W Z — ¢v¢¢ SM MC sample is produced using the POWHEGBOX v2 [109-111]
generator, which simulates the W2 [112] production processes at NLO accuracy in QCD. Events
were interfaced to PYTHIA v8.210 [51] for the modelling of the parton shower, hadronisation,
and underlying event, with parameters set according to the AZNLO tune [113]. The CT10 PDF
set [114] was used for the hard-scattering processes, whereas the CTEQ6L1 PDF set [115] was
used for the parton shower. The EVTGEN v1.2.0 program [49] was used to decay bottom and
charm hadrons. The factorisation and renormalisation scales (section 2.4.2) were set to half the
invariant mass of the boson pair (my/2) [94]. An invariant mass of m,, > 4 GeV was required
at matrix-element level for any pair of same-flavour charged leptons [88].

The influence of higher-order QCD and electroweak corrections on both SM predictions for
W Z production is evaluated using fixed-order calculations performed with MATRIX [116]. These
predictions achieve NNLO accuracy in QCD and NLO in electroweak theory. Photon-induced
contributions are included at NLO electroweak accuracy, using the NNPDF3. 1@nnlo PDF set, with
photon content incorporated through the LUXQED method [117]. The electroweak couplings are
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derived from gauge-boson masses in the GG, scheme [88]. The dynamic QCD scales are defined
as half the sum of the transverse masses of the two gauge bosons [88].

Predictions from MATRIX are compared with those from POWHEG+PYTHIA in bins of the observ-
ables of interest. Figure 6.1 presents the differential distributions for the full list of observ-
ables, including cos 6y, cos@y,, Oy Oy | cos(By)|, and m}¥Z (see Section 5.4). Since NLO
QCD predictions alone are insufficient to fully describe the data, as demonstrated in Figure 6.1,
POWHEG+PYTHIA predictions are scaled to match MATRIX predictions described in the previous
paragraph.

The POWHEG+PYTHIAS predictions are rescaled using the following strategy:

* A bin-by-bin rescaling to MATRIX predictions is performed to incorporate higher-order cor-
rections to NNLO QCD ¢ NLO EW in the matrix element calculation.

Now that a method has been established to scale the SM NLO in QCD sample to the state-of-
the-art W Z MATRIX correction, the validation of the 0+1j merged scheme methodology can be
done for the SM.

The 0+1j scheme includes a subset of the NLO QCD processes that are fully incorporated
in the POWHEG+PYTHIA sample. Table 6.1 compares the fiducial cross-sections of three SM MC
samples to the MATRIX prediction: the MadGraph O+1j, MadGraph Oj, and the POWHEG+PYTHIA
generation.

Generator and Scheme Fiducial % difference to
Cross-section [fb] MATRIX
MATRIX NNLO QCD ¢ NLO EWK 63.26 0.00%
POWHEG + PYTHIA NLO QCD 52.06 17.70%
MadGraph + PYTHIA LO: 0+1j merged 45.92 27.41%
MadGraph + PYTHIA LO: 0j 30.14 52.35%

Table 6.1: Comparison of Fiducial Cross-sections and their differences to the MATRIX NNLO QCD
@ NLO EWK prediction of SM generated samples

The difference in fiducial cross-section between POWHEG + PYTHIA NLO QCD and MadGraph +
PYTHIA LO O+1j merged samples is 27.4%, much lower than 52.4%, which is the difference with
the 0j MadGraph + PYTHIA sample.

Figure 6.2 shows the difference in observable distributions between the 3 SM MC generations.

Of particular interest is the degree of flatness between the ratio of POWHEG to the MadGraph
samples, as can be seen especially in the angular plots of Figure 6.2.

The m}¥Z distribution shows rather non-flat behaviour for the 0+ 1j compared to the POWHEG
production. This disagreement can be attributed to the fact that the 0+1j merged solution at-
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Figure 6.1: Differential distributions of observables (described in Section 5.4) for the W Z system,
comparing POWHEG + PYTHIANLO QCD predictions, MATRIX predictions with NLO EWK and NNLO
QCD corrections, and unfolded ATLAS Run-2 data. The hatched bands represent the scale and PDF
uncertainties in the generation. Data error bars include both systematic and statistical errors.
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Figure 6.2: Differential distributions of observables (described in Section 5.4) for the W Z sys-
tem, comparing predictions from three generators: POWHEG + PYTHIA, MadGraph 0+1j L0, and
MadGraph 0j LO. The hatched bands represents the scale and PDF uncertainties of the POWHEG
generation. The ratio between the POWHEG and the 0+ 1j merged prediction is listed for every bin.
The envelope in the ratio plot propagates the scale and PDF uncertainties of the POWHEG genera-
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tempts to model only NLO behaviour by including additional jet radiation, rather than incorpo-
rating virtual corrections such as loop diagrams. For kinematic variables like m!Y?, these virtual
NLO corrections are not accurately modelled by the 0+1j merged scheme.

Through the validation of the SM prediction in both the fiducial cross-section as well as the
differential distributions of the observables, it is quite evident that the 0+1j merged scheme
offers a far better solution than 0j scheme. Thus this strategy of MC generation is used for SM
as well as SMEFT operators.

Validation of the 0+ 1j merged strategy for the MadGraph modelling of the SMEFT operators is
deferred to Section 7.4.

6.3 Likelihood model and Inference

In searches for new physics within the framework of SMEFT, it is essential to evaluate whether
the observed data is consistent with the Standard Model-only hypothesis or suggests the presence
of additional new physics due to higher-dimensional EFT operators. This evaluation process is
known as a statistical hypothesis test.

The likelihood function represents the joint probability distribution of observed data as a
function of the parameters within a statistical model. Maximizing the likelihood function is a
technique for estimating the parameters of a model given a finite sample of data [118].

In particle physics, the simplest form of a likelihood function is often based on a counting
experiment, typically described by a Poisson distribution. This distribution involves one observ-
able, the observed event count N, and one parameter, the expected event count Neyp, and is
given by:

NX Nobs
Poisson(Nops| Nexp) = %e’m’“’. (6.5)

Nobs!
In practice, Ny, is divided into an expected signal count s and an expected background count
b. A parameter p is introduced to scale the signal count s, allowing for deviations from the
nominal expectation, such that Ney = - s + b. To model distributions, the overall likelihood is
constructed as the product of Poisson likelihoods for each bin:

L(z|p) = H Poisson(N;|us; + b;), (6.6)

i€bins
where N; is the number of events in each bin, = represents the entire dataset z = {N;}, and
s; and b; are the expected signal and background counts in each bin. The parameter p = {u;}
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denotes the set of signal strengths across the bins.
Systematic uncertainties, both experimental and theoretical, are incorporated as nuisance
parameters ¢ in the likelihood function. This results in:

L(z|u,0) H Poisson(V;|us; (6 HGauss 0[0;,1), (6.7)

i€bins j€b

where each nuisance parameter ; accounts for a source of systematic uncertainty, and we have
assumed a Gaussian constraint of mean = 0 and a variance of 1.

In terms of SMEFT, the predictions depend on the value of the Wilson coefficients c that are
also subject to theory systematics, parameterised by nuisance parameters.

The predicted measurement in a bin b of the unfolded distribution is parameterised as ex-
plained in Equation 6.4, but now rescaling the prediction with a linear approximation of the
effects of the nuisance parameters:

Nsyst

pred(c 0) = .Z‘SM 1+ Z Ablcl + Z BbZC + Z CbUCZCJ X H(l + Hjubj), (68)
1<J J=1
where 23 is the nominal SM cross prediction, ¢ are the Wilson coefficients, @ = (61, ..., 0,,,,) are

nuisance parameters, ngys is the number of nuisance parameters, and u;; represents the relative
impact of systematic uncertainty j in bin b, and 6; are standardised nuisance parameters with
nominal value ¢; = 0 corresponding to the central prediction.

For large event counts, the Poisson distribution can be approximated by a Gaussian distri-
bution due to the Central Limit Theorem [119]. This approximation allows us to simplify the
likelihood function written in Equation 6.7.

1 (N; — aP)?

AN ————exp :

pred
) pred
27rxpred 27
7

Poisson(N;|x; (6.9)

Using this Gaussian approximation, we can rewrite the likelihood function for each bin in
terms of a Gaussian distribution. The overall likelihood function becomes:

meas __ ,.pred
T Gl s T1 /). (6.10)

202

L(x|c, 0) H
i€bins V g j€0

where 27" = 1i5,(0) + b;(6) and o2 = xfred for simplicity in the Gaussian approximation. The

constraint terms f;(¢,) in the likelihood encode prior knowledge about systematic uncertainties.
These take the standardised Gaussian constraints form (assuming 6; being centred at O with unit
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variance) :

fi(6;) = \/12—7Texp (—%0?) . (6.11)

To further simplify the likelihood expression and provide a more compact form, we rewrite
the likelihood function in matrix notation. Let Ax(c,0) = x™* — xPd where £™ is the
vector of observed counts and xP™? is the vector of expected counts. The covariance matrix C
incorporates the uncertainties in the expected counts. The Gaussian likelihood function then
becomes:

Msyst

! @ exp (—%AmT(c, 0)C ' Ax(c, 9)) H £(6:). (6.12)

L(x|c,0) = NI

In this form, npins is the number of bins, and nsys is the number of systematic uncertainties mod-
elled by the functions f;(6;).The f; correspond to the Gaussian constraints on nuisance parame-
ters, while the vector Ax = (Axy,..., Az, ) represents the difference between measurement
and prediction in each measurement bin, with the element Az, defined for a given bin, b, as:

Azy(c, ) = 2% — 2PY(c, 6). (6.13)

6.3.1 Maximum Likelihood and Likelihood ratio

From the likelihood function, a range of statistical methods can be applied to draw inferences
about the SMEFT model parameters. One primary method is to identify the parameter val-
ues that make the observed data most probable, known as the Maximum Likelihood Estimation
(MLE) [118]. This approach involves finding the parameter values & that maximize the likeli-
hood function L(«).

For complex measurements involving multiple observables, it is often necessary to condense
the data into a single test statistic ¢,(z). According to the Neyman-Pearson lemma, when com-
paring two hypotheses, the ratio of the likelihood functions is the most powerful test to reject or
choose one hypothesis over the other. The test statistic is thus defined as:

o = —21log <§EZ;> . (6.14)

The original Neyman-Pearson approach does not consider nuisance parameters, which are

used in the likelihood functions discussed. Since the profile likelihood depends on these nuisance

parameters, a specific method must be used to determine their values. The LHC convention
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[120] is to set these parameters to their best-fit values in both the numerator and denominator,
which brings about the complete profile likelihood ratio test statistic:

~

L(a:]ci,é)
i) = —21 _— |, 6.15
ate:) o8 (L(a:|éi,9)> ( )

where 9(0,) represents the maximum likelihood estimate of the nuisance parameters for a given
fixed value of ¢;, while ¢; and 6 denote the unconditional maximum likelihood estimates of both
¢; and the nuisance parameters.

To find these estimates, maximum likelihood fits are conducted for individual Wilson coeffi-
cients by setting all other coefficients to zero and optimizing the likelihood with respect to the
nuisance parameters.

Confidence intervals for the Wilson coefficients are then derived using Wilks’ theorem, under
the assumption that the test statistic ¢(c;) follows a x? distribution [121].

Wilks’ theorem states that, in the asymptotic limit, the test statistic ¢(c;) is distributed accord-
ing to a x? distribution with degrees of freedom equal to the number of parameters being tested.
This allows us to calculate confidence intervals or regions for the parameters. The specifics
depend on the dimensionality of the parameter space:

* For a single parameter (1D case), the confidence intervals are:

- 1o (68% confidence level) interval corresponds to ¢(c;) = 1,

- 20 (95% confidence level) interval corresponds to ¢(c;) = 3.84,
* For two parameters (2D case), the confidence regions are:

- 1o (68% confidence level) region corresponds to ¢(c;) = 2.30,

- 20 (95% confidence level) region corresponds to ¢(c¢;) = 5.99 .

These intervals or regions provide a measure of the statistical uncertainty in the parameter
estimates, indicating the range within which the true parameter values are expected to lie with
the specified confidence level.

The EFTFun (EFT Fitter for UNfolded data) package implements this likelihood function, using
the Roofit toolkit [122].
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6.4 Uncertainty on Wilson coefficients

Wilson coefficients are obtained by maximizing the profile likelihood function, Equation 6.12.
A test statistic, Equation 6.15 is then calculated which determines a confidence interval for the
fitted Wilson coefficient value. The uncertainty in the Wilson coefficient is described by this
confidence interval.

Several elements in addition to the measured and predicted data are required to build the pro-
file likelihood function, Equation 6.12, including the covariance matrix, C'. This matrix accounts
for all the experimental uncertainties attributed to the measured data. This includes the un-
folding uncertainty, the particle reconstruction systematic uncertainty (electrons, muons, jets),
the luminosity uncertainty and the uncertainty in the background (all of which are explained in
Chapter 5.6). The statistical uncertainty as well as the correlations for all these experimental
uncertainties are encoded within the covariance matrix C.

Another class of uncertainties that deal with the prediction (and the model) are not included
in the correlation matrix, but rather introduced as nuisance parameters in the fit. These con-
tribute to the second multiplier term of Equation 6.12, [ [} f;(6;).

The following nuisance parameters deal with the prediction uncertainties:

* The PDF uncertainty, called (diboson_pdf), is a constant 1% across the bins.
* The QCD scale uncertainty, called (wz_scale), is a constant 2.3% across the bins.

* The EW correction uncertainty, called (wz_ew_correction), is calculated bin-by-bin. It
represents the percent difference between the MATRIX prediction (see Chapter 6.2.1) when
combining NNLO QCD with NLO EW using either the additive or multiplicative schemes.

Additionally, if the EFT MC prediction has a small sample size in a bin of an observable, i.e.
the relative error on that bin is > 20%, then another nuisance parameter is added for that bin.
This applies to any bin in the differential cross-section distributions of observables under study.

All nuisance parameters are modelled by a normal distribution with 4 =0, o = 1.

Further details on the pull plots, including their interpretation and selected examples, are
presented in Appendix E.
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CHAPTER 7

SMEFT studies on the W 27 — ¢v¢¢ channel

7.1 Sensitivity of SMEFT operators

There are 275 independent CP-conserving dimension-6 operators defined in the Warsaw basis
under the top flavour scheme, as is illustrated in Table 2.1.

Out of these operators, not all are useful in the W2 — (vl¢ process. A full scan is done to
determine which operators the process is sensitive to. The study compares the relative cross-
section of the EFT term to the nominal Standard Model process. The EFT effect is therefore
defined as ZZ°L.

The study helps to coarsely identify which parameters affect our process and ought to be
further studied. The comparison is done at Leading-Order with MadGraph5 aMC@NLQO version
2.9.9 and the SMEFTsim 3.0 model. Minimum phase-space cuts are made to make the study as
general as possible, and to see the pure physics effects, excluding detector and reconstruction
efficiencies. For this reason, Pythia showering is excluded.

7.1.1 Interference term effect

The interference term of the EFT operator with the SM (also called the linear term) can be
separately generated using EFT_ORDER: NP~2==1.

Out of the 275 independent CP-conserving parameters, only 53 parameters returned a non-
zero cross-section for the interference term. The others were therefore not investigated further.

Table 7.1 shows the relative effect of the EFT operators when their Wilson coefficient is set to
¢ = 1. Operators for which the magnitude of the effect is less than 1 x 10~ are not listed in the
table for brevity.

The cross-section for the interference term scales linearly with the value of ¢, meaning that
the relative effect listed in Table 7.1 corresponds to ¢ = 1 as a benchmark. For most opera-

tors, a value of ¢ = 1 is considered large and may already be excluded by other experimental
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constraints. The listed effect demonstrates how sensitive the W Z process is to each operator.
Operators with a very small effect (e.g., less than 10~%) even for ¢ = 1 indicate that the W2
process is inherently insensitive to them. Such operators are unlikely to produce measurable
effects in W Z events, even if ¢ takes on values allowed by other constraints.

For the interference term, it is possible for the cross-section to be negative. This means that
the EFT operator is destructively interfering with the SM operators, and thus reducing the cross-

section.

Operator EFT effect vs SM Operator EFT effect vs SM

Hj 68 x 1071 £ 0.4

cHj3 368107 +0.48% cW ~1.70 x 1072 + 3.71%

cH1311  —1.21 x 107! +0.42% 5
. cHWB 9.80 x 107% £6.18%

cH1322 —1.20 x 1071 £ 0.43% . _3
. clji1l =533 x107° £ 1.18%

cl11221 1.18 x 1071 £ 0.36% . _3
5 clj122 =529 x 107° £ 1.16%

cH1111 5.43 x 1072+ 0.39% : 3
L cje22 —4.55 x 1072 £ 0.62%

cH1122 5.42 x 107* + 0.40% : 3
Ly cjell —4.47 x 1073 £ 0.75%

cHe22 —4.41 x 1072 4+ 0.38% _4
. 9 ceWRe22 —2.28 x 107*+£0.61%

cHj1 4.37 x 1072 £ 1.06% 4
L c111122 1.54 x 10~* £ 0.55%

cHell —4.34 x 1072 4+ 0.40% 4
, L ceHRell —1.43 x107*+0.41%

cl1j322 3.61 x 1072 + 0.42% _4
_ L cHW 1.30 x 1074 4+ 0.43%

clj311 3.59 x 1072 + 0.44% _4
S, 508 x 10-2 4 0.43% cll1111 1.23 x 107* £ 0.65%
0 c112222  1.23 x 1074 4+ 0.60%

cHDD —1.94 x 1072 + 2.40%

Table 7.1: Relative cross-section effect for the linear term of EFT operators when the Wilson
coefficients is set to ¢ = 1. Only operators whose |effect| > 1 x 10~ are listed.

7.1.2 Quadratic term effect

Similar to the linear term, the quadratic term of the EFT operator can also be separately gener-
ated using EFT_ORDER: NP==1.

Out of the 53 parameters that returned a non-zero cross-section for the interference term,
only 26 parameters returned a non-zero cross-section for the quadratic term.

Table 7.2 shows the relative effect of the EFT operators when their Wilson coefficient for the
operator is set to ¢ = 1.

The cross-section for the quadratic term scales with the value of ¢?, and so will the effect.
Again, it should be noted that for most operators, a ¢ = 1 value is considered quite large, and
so the effect listed in the table serves as a benchmark to demonstrate how sensitive the W7

process is to each operator. Operators with a very small effect even when ¢ = 1 can therefore be
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considered insensitive, and are thus not pursued further.
Unlike the interference term, the effect of the quadratic term is always positive as the ampli-

tude is squared in Equation 6.1.

Operator EFT effect vs SM Operator EFT effect vs SM
cW 2.02 x 1071 4+ 0.43% cH1122  3.06 x 1073 £ 0.39%
cHj3 2.01 x 107+ 0.37% ceBRe22 1.48 x 1072 £ 0.43%
cHWB 1.99 x 1072 £+ 0.39% ceBRell 1.48 x 1073+ 0.37%
cHj1 1.30 x 1072 £+ 0.36% cHW 5.76 x 107° £ 0.51%
ceWRell 1.03 x 1072 + 0.48% cHbox 2.24 x 107% + 0.39%
ceWRe22 1.02 x 1072+ 0.45% cuWRe 8.25 x 1077 + 0.42%
cHDD 9.36 x 1073+ 0.37% cHu 4.32 x 1077 £ 0.42%
cH1322  7.17 x 1073 £ 0.39% cuBRe 2.11 x 107" £ 0.35%
cH1311 7.16 x 1072 + 0.36% cdWRe 4.46 x 1079 £ 0.44%
cl11221  3.66 x 1072 £ 0.35% cHd 2.75 x 107 £ 0.39%
cHe22 3.07 x 1073 £ 0.37% cdBRe 1.17 x 1072 £ 0.35%
cH1111  3.07 x 1073 £ 0.38% cuHRe 3.25 x 10710 4+ 0.42%
cHell 3.07 x 1073 £ 0.37% cHudRe  4.80 x 107" + 0.48%

Table 7.2: Relative cross-section effect for the quadratic term of EFT operators when the Wilson
coefficients is set to ¢ = 1. Only operators that returned a non-zero cross-section for the linear term
are listed.

7.1.3 Cumulative effect

Both linear and quadratic terms offer a higher order correction in the EFT Lagrangian. Out of all
the 275 independent CP-conserving parameters, the ones affecting the W27 — (v{¢¢ channel the
most are plotted in Figure 7.1. The linear and quadratic effects are plotted separately, for the
Wilson coefficient value of ¢ = 1.

For most parameters, the interference effect is more significant than the quadratic effect. This
can be naively expected because the interference term is a factor of A% suppressed, while the
quadratic term is a factor of A* suppressed. However, this is not always the pattern followed,
most notably for the SMEFT parameter ¢y which has a very large quadratic effect. This motivates
having both linear and quadratic term corrections included in the MC predictions.

From the sensitivity study, a list of the EFT operators to which the physics process of interest

was most sensitive is determined:
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Figure 7.1: "i—ij for interference (linear) and quadratic contributions of different dim-6 SMEFT

g
parameters. Only the operators with the most prominent effect are shown. The Wilson-coefficient

value is set to ¢ = 1.

* cHDD * cH1122 e cH1322 * cHj3 * cll1221

* cH1111 * cH1311 e cHj1 e cHWB * cW

7.1.4 Physics behind the sensitivity of these operators

The complete list of dimension-6 operators is shown in Appendix B. A brief description of the
physical nature of each of the sensitive operators is given here:

cHDD

cHDD is the Wilson coefficient for the operator Qyp = (D*H'H)(H'D, H) where D, is defined
in Equation 2.21. This operator changes the kinetic term for the Higgs field and its covariant
derivatives, affecting all three EW vector bosons: ~, W, Z. Concerning W Z physics, it affects
the triple gauge coupling WW Z vertex, and the ff coupling to a Z, where f is a fermion, as
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shown in Figure 7.2.

W f

Figure 7.2: Feynman diagrams of vertices affected by the Qgp operator that influences W Z
physics.

cH11

cH1111 and cH1122 are Wilson coefficients of the diagonal matrix elements of the operator Qg% =
(H TiBuH ) (¢,7"¢,), where the subscripts p, r are flavour indices. cH1111 is the 11 element of
the matrix while cH1122 is the 22 element of the matrix. The operator modifies the interaction
between the Higgs field and the lepton fields, and because of the derivative, it affects the EW
bosons. It only affects couplings to the Z boson as it doesn’t explicitly include the SU(2) structure
component, unlike in its counterpart operator ng (discussed below). Element 11 only concerns
15t generation leptons (i.e. e*,v.) and Element 22 only concerns 2"¢ generation leptons (i.e.
1%, v,). Concerning W Z physics, the operator affects the I/ coupling to a Z, where [ is a lepton,
as as shown in Figure 7.3. Quarks are unaffected by this operator.

et

Figure 7.3: Feynman diagram of the vertex affected by the Qg% operator that influences W Z
physics. For (QS@) = 1 is of the first generation and for (QS@) o l is of the second generation.

cH13

cH1311 and cH1322 are Wilson coefficients of the diagonal matrix elements of the operator Qg% =
i .
(H "D ,H ) (€,0'~#¢,) where the subscripts p,r are flavour indices. cH1311 is the 11 element of

the matrix while cH1322 is the 22 element of the matrix. These operators affect the coupling
between the Higgs field and lepton currents and include an SU(2) structure that affects the
interactions involving the SU(2) gauge fields more directly. They affect all three EW vector
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bosons: v, W, Z, as well as all fermions. Concerning W Z physics, they affect the triple gauge
coupling W Z vertex, the f f coupling to a Z, and the f f coupling to a W, where f is a fermion,

as shown in Figure 7.4.
VA f

v / v

Figure 7.4: Feynman diagrams of vertices affected by the Qg’% operator that influences WZ

W f
physics. The Feynman diagram involving the W contains leptons f' and f of different flavours
while that involving the Z contains the same flavour f f pair.

fl

f

cHWB

cHWB is the Wilson coefficient for the operator Qpwp = H'o'H WZVB’“’ where W and B are the
field strength tensors of the SU(2) and U(1) gauge fields respectively, used in Equations 2.18
and 2.19. The operator modifies the couplings between the Higgs field and the electroweak
gauge bosons and impacts the mixing between the SU(2) and U(1) gauge fields. Concerning
W Z physics, it affects the triple gauge coupling WW Z vertex, and the f*f7¥ coupling to a Z,
where f is a charged fermion, as shown in Figure 7.5. This operator doesn’t affect the coupling

TSes

Figure 7.5: Feynman diagrams of vertices affected by the Qgw p operator that influences W Z
physics. f includes only charged leptons, excluding the coupling to neutrinos.

to neutrinos.

O

W /

cW

cW is the Wilson coefficient for the operator Qy = €7/*W*W/*W}* where e is the Levi-Civita
symbol and W is the field strength tensor of the SU(2) gauge field shown in Equation 2.18.
It modifies the self-interactions of the SU(2) gauge fields, which includes only the three EWK
vector bosons: v, W, Z. Concerning W Z physics it affects the triple gauge coupling WW Z

vertex, as shown in Figure 7.6.
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Z

=t

W=+

Figure 7.6: Feynman diagram of the vertex affected by the Qy operator that influences W Z
physics.

cHj1

cHj1 is the Wilson coefficient for the operator Q%é = (H Tz'lH)MH > (gy"q) where ¢ represents the
quark field. It modifies the interactions between the Higgs field and the quarks, except for the
3rd generation quarks. Similarly to cH11, this operator only affects the Z (and H) boson without
affecting the couplings of the 1/ and the . Concerning W Z physics, this operator modifies the

O

q

Zqq vertex, as shown in Figure 7.7.

Figure 7.7: Feynman diagrams of the vertex affected by the QS()] operator that influences WZ
physics. q includes only the first and second-generation quarks.

cHj3

i )
cHj3 is the Wilson coefficient of the operator Qg)q = (H"iD .H | (@,0'v"q,) where the subscripts

p,r are flavour indices. This operator affects the coupling between the Higgs field and quark
fields and includes an SU(2) structure that affects the interactions involving the SU(2) gauge
fields more directly. It affects the W, Z, and the H couplings with the first and second quark
generations. Concerning W Z physics, this operator affects the Zqg vertex and the Wqq vertex
as shown in Figure 7.8.

cll1221

c111221 is a subset of the c11 operator Qy = (¢,7,¢;)(¢sy*¢;) where the subscripts are flavour
indices and in this specific case, p = 1, = 2,s = 2,t = 1. This operator modifies interactions
between leptons by introducing a new four-fermion interactions that are not present in the
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q q

Figure 7.8: Feynman diagrams of vertices affected by the ng] operator that influences WZ
physics. The Feynman diagram involving the W contains quarks q,q of different flavours while
the one involving the Z contains the same flavour qq pair. q,q’ includes only the first and second-

generation quarks.

Standard Model. Due to the flavour mixing in the 1221 element, modifications to the W, Z, and
H coupling with leptons are possible. Concerning W Z physics, it affects the f f coupling to a Z,
and the ff coupling to a W, where f is a fermion, as shown in Figure 7.9.

f f
s =
f f

Figure 7.9: Feynman diagrams of vertices affected by the (Qu) 45, operator that influences W Z
physics. The Feynman diagram involving the W contains leptons f of different flavours while that

involving the Z contains the same flavour f f pair.
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7.2 Sensitivity of EFT operators to physical observables

Of the observables listed in Section 5.4, some have been previously studied for Vector Boson
polarisation in W Z production [57, 94] and have had their binning optimised. These observables
provide a possible manifestation for new physics affecting the triple gauge W Z vertex.

The observables are presented as histograms indicating the differential cross-sectional distri-

do’ﬁd'
ax

and their binning are listed in Table 7.3 below:

butions i.e. where X is the observable. In the above mentioned studies, the observables

Observable Number of Bins Bin Edges
cos by, 5 [-1.0, -0.6, -0.2, 0.2, 0.6, 1.0]
cos 0z, 7 [-1.0, -0.8, -0.5, -0.2, 0.2, 0.5, 0.8, 1.0]
| cos Oy | 5 [0.0, 0.3, 0.5, 0.7, 0.9, 1.0]
Py, 6 [-3.14, -2.0, -1.15, 0.0, 1.15, 2.0, 3.14]
e 10 [-3.14, -2.52, -1.89, -1.26, -0.63, 0.0,

“ 0.63, 1.26, 1.89, 2.52, 3.14]

0, 140, 160, 180, 210, 250, 300,

m¥Z (GeV) 12 [

400, 500, 600, 700, 900, 1000+ ]

Table 7.3: Binning information for various observables. For |cos 6|, New Physics dominates in
the | cosfy| ~ 0.1 regime [58]. For m¥%, New Physics dominates in the high pr bins, where EFT
operators that grow with energy become more significant. The bin edges for m'YZ are in GeV.

The effect of the EFT parameters on these observables compared to the SM predictions is
studied individually for each of the parameters listed in Section 7.1.4.
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Effect is once again defined bin-by-bin as:

dofid.
EFT prediction ( d?)

Effect = = :
ec SM prediction ( dofits )

(7.1)

A higher value means that the operator is more sensitive to EFT effects. For all of the studies,
the EFT parameter ¢ = 1.

All predictions are at leading order with MadGraph5_aMC@NLO version 2.9.9 and the SMEFTsim
3.0 model. The events are interfaced with Pythia 8.244 for parton showering and hadronisa-
tion. Particle-level analysis is done using Rivet 3.1.2.

7.2.1 Observable: gy cos by,

The effect of each EFT parameter compared to the SM prediction is shown in Figures 7.10
and 7.11 for the linear (interference) term and the quadratic term, respectively, for the cos 0}y,
observable. The linear term can have a destructive effect, reducing the cross-section and the
prediction in a particular bin.

The majority of the EFT parameters have an effect for their linear term, except for the cw
parameter which has a small effect. The quadratic term is however largest for the cHj3 and cW
parameters.

7.2.2 Observable: cos 0y,

Similarly, the effect of each EFT parameter compared to the SM prediction is shown in Figures
7.12 and 7.13 for the linear (interference) term and the quadratic term, respectively, for the
cos 0, observable.

Once again, the majority of the EFT parameters have an effect for their linear term, except
for the cW parameter which has a small effect. The quadratic term is however largest for by the

cHj3 and cW parameters.

7.2.3 Observable: |cosOy|

The effect of each EFT parameter compared to the SM prediction is shown in Figures 7.14 and
7.15 for the linear (interference) term and the quadratic term, respectively, for the |cosfy |
observable.

The majority of the sensitivity comes in the first bins, slowly dropping off as the value of
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Figure 7.10: Sensitivity for the linear (interference) contribution of different EFT parameters

when ¢ = 1 on the gy cos Oy, observable.
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Figure 7.12: Sensitivity for the linear (interference) contribution of different EFT parameters
when ¢ = 1 on the cos 67, observable.
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Figure 7.13: Sensitivity for the quadratic contribution of different EFT parameters when ¢ = 1
on the cos 07, observable.
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| cos By | increases. This pattern is observed in both the linear and quadratic terms. Again, the
majority of the EFT parameters show an effect for their linear term. The quadratic term is also
once again largest for the cHj3 and cW parameters.

7.2.4  Observable: ¢y,

The effect of each EFT parameter compared to the SM prediction is shown in Figures 7.16
and 7.17 for the linear (interference) term and the quadratic term, respectively, for the ¢y,
observable.

Similar observations to cos ¢y, can be made in the sense that the majority of the EFT param-
eters show an effect for their linear term. The quadratic term is once again largest for the cHj3

and cW parameters.

7.2.5 Observable: ¢,

The effect of each EFT parameter compared to the SM prediction is shown in Figures 7.18
and 7.19 for the linear (interference) term and the quadratic term, respectively, for the ¢7,
observable.

As with ¢y, , the majority of the EFT parameters show an effect for their linear term, although
not as large for the cW term. The quadratic term is however again largest for the cHj3 and cW
parameters.

7.2.6  Observable: m}'?

The effect of each EFT parameter compared to the SM prediction is shown in Figures 7.20
and 7.21 for the linear (interference) term and the quadratic term, respectively, for the m}VZ
observable.

The majority of the sensitivity comes in the last bins, slowly dropping off as the value of m)'#
decreases. This pattern is observed in both the linear and quadratic terms. The majority of the
EFT parameters show an effect for their linear term, although the cHj3 has a remarkably strong
impact. The quadratic term is outstandingly affected by the cHj3 and cW parameters, with an

effective ratio of > 20 in the high m bin.
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Figure 7.14: Sensitivity for the linear (interference) contribution of different EFT parameters

when ¢ = 1 on the | cos 6y | observable.
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7.2.7 Summary

Summing the absolute values of each bin for both the linear and quadratic terms for a particu-
lar EFT parameter provides insight into how strongly the parameter influences the observable.
These summed values are presented in Table 7.4.

Among the observables, m¥# stands out for its significant sensitivity to the cHj3 and cW pa-
rameters. For other parameters, m'Z offers increased sensitivity compared to other observables,
reinforcing its importance in probing EFT effects. However, the larger uncertainties associated
with mIVZ for some parameters (e.g., cHj3, cW) indicate a trade-off between sensitivity and
precision.

The observable ¢7, emerges as particularly sensitive, with all parameters showing a large
impact across its range. This highlights ¢7, as an excellent choice for studying EFT effects due
to its broad sensitivity.

Similarly, | cos 0y | proves to be a sensitive observable, especially for cHj3 and cW, demonstrat-
ing its utility in disentangling EFT contributions. Observables such as cos 8y, cos 07, and ¢y, are
also strongly influenced by cHj3 and cW, but they retain sensitivity to other parameters as well.

Sum of absolute ratios across all bins (linear + quad)

Parameter cos By, cos 0%, | cos Oy by, b7, my?
cHj3 34+013% 45*0.13% 54=x0.17% 41=+x0.13% 69=*=0.13% 130+ 1.8%
cH1322 0.60 + 0.21% 0.84 = 0.21% 0.60 = 0.24% 0.72 = 0.20% 1.2 *+0.22% 1.5+ 0.79%
cH1111 0.34 £ 0.16% 0.48 £ 0.17% 0.34 = 0.20% 0.41 = 0.16% 0.68 = 0.17% 0.83 * 0.64%
cHDD 0.15+1.3% 0.20*1.3% 0.094+1.6% 0.12+x13% 0.20=*=13% 0.22=*11.0%
cl111221 0.61 = 0.18% 0.86 +0.18% 0.61 =0.21% 0.74 =0.17% 1.2 *+0.18% 1.5 + 0.70%
cHj1 0.29 + 0.44% 0.41 + 0.46% 0.36 = 0.44% 0.35 *= 0.44% 0.59 =0.44% 0.63 = 1.9%
cH1122 0.34 £ 0.15% 0.48 £ 0.15% 0.34 =0.17% 0.41 = 0.15% 0.68 = 0.15% 0.83 + 0.56%
cHWB 0.53 £ 0.39% 0.74 =+ 0.41% 0.59 =0.43% 0.63 =0.39% 1.1 = 0.38% 1.8 = 1.4%
cH1311 0.61 = 0.20% 0.85 = 0.21% 0.61 = 0.24% 0.73 =0.20% 1.2 *+0.22% 1.5+ 0.78%
cW 1.3+020% 1.8=*0.19% 2.7+022% 1.6 +0.18% 2.7+ 0.18% 140 + 2.4%

Table 7.4: Sum of absolute ratios across all bins for different observables (cos Oy, cosby,

| cos Oy |, ¢}}/[, qﬁ*Zl, and mYW Z) for both linear + quadratic terms. In all cases, the EFT param-
eter, ¢ = 1. The uncertainties are statistical and are given as percentages of the absolute ratios.

In summary, ¢7, and mi¥Z are the most broadly sensitive observables across all parameters,

with | cos Oy |, ¢yy,, cos Oy, and cos 7, offering complementary sensitivity patterns.

EFT modifications usually grow with energy, becoming more prominent at high pr [123] (or
high my), which is why kinematic variables like m}'Z are particularly sensitive.

Angular variables like | cos 0y/| exploit the fact that EFT modification affecting the triple-gauge
coupling would cause a removal of the radiation-zero effect [58]. Thus sensitivity is gained in
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such observables by observing an absence of a SM predicted phenomenon.

7.3 Cross-terms

Thus far only the linear (interference) and quadratic terms from Equation 6.1 have been studied.
However, EFT operators interfere with each other giving rise to cross-terms.

Cross-terms are often neglected in studies as there are many ways to combine the sensitive
parameters in pairs, making analyses more complex. In many cases, the cross-terms are assumed
to be smaller than the linear and quadratic terms, to justify why they are neglected.

However, when multiple operators contribute significantly to a process, their interference
(cross-term) can become non-negligible, and valuable for study. In analyses of linear and
quadratic predictions without cross-terms, all EFT parameters are set to 0, except for the one
being considered. Including cross-terms allows for the consideration of linear and quadratic
terms for multiple operators simultaneously, rather than in isolation. This approach increases
the potential impact of the EFT operators on the overall process. Considering cross-terms leads
to more robust constraints on EFT Wilson coefficients, compared to the simple approximation of
considering only one EFT operator at a time.

This study is unique as it incorporates the cross-terms for 2 operators at a time. This way, an
measurement of 2 EFT operators can be made simultaneously. This is a novel analysis made in
the WZ — (vl channel.

The following sections highlight the impact of different cross-terms. Later the significance of
adding the cross-terms to the linear and quadratic terms is also examined.

7.3.1 Effect of cross-terms

“Effect” is once again defined as in Equation 7.1. As a first study, pair-wise combinations for
all operators listed in Section 7.1.4 are generated to gauge which combinations are sensitive
to the observed distributions in the W2 — /(vi¢ channel. This results in (120) = 45 different
combinations.

Figures 7.22 - 7.27 show the effect of the cross-terms, when both Wilson coefficients are set to
¢ = 1, with respect to the SM prediction for the observables of interest. The same result occurs
when ¢ = —1 for both operators. If ¢ = —1 for one operator and ¢ = +1 for the other operator,
the result is multiplied by -1.

Several cross-term combinations have somewhat small sensitivity O(5%) for cos 0y, cos 8,

iy, and ¢% . In contrast the very sensitive bins in the | cos /| and m}'” observables show that
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some cross-terms have a very large effect: O(25%) and O(200%+), respectively. It should be
noted that the value of ¢ = 1 has already been excluded by other analyses and is unreasonably
large for some parameters, which is why the effect can be exaggerated. Nonetheless, the ef-
fect of some cross-terms within these observables motivates the need and opportunity for these

contributions to be studied.
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all ¢; = 1 on the cos G*Ze observable.
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Figure 7.24: Sensitivity for the cross-term contribution of different pairs of EFT parameters when
all ¢; = 1 on the P, observable.
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Figure 7.25: Sensitivity for the cross-term contribution of different pairs of EFT parameters when
all ¢; =1 on the b7, observable.
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Figure 7.26: Sensitivity for the cross-term contribution of different pairs of EFT parameters when
all ¢; = 1 on the | cos Oy | observable.

BN CHj3 X_cHIT11
1 == ch3 X cHj1
B CHj3 X.cHWB
| - cHI322 X cHWB
2 L | . cHIZ22 X cHIT11
BN cHI322 X cll1221
4 = cHiz22 X cHj3
m— cHI322 X cHjl
CcHILIL X cHWB
e cHDD_XcHjl
cHDD_XcHj3
cHDD_X_cHI111
cHDD_X_cHI311
| cHDD_X_cll1221
- cHDD_X.cHWB
| cHDD X cHI122
BN CHDD X.cHI322
| = cHDD X W
cll1221 X cHI111
cll1221 X cHj1
cll1221 X cHj3
cll1221 X cHWB
cHjl X_cHWB
cHjl X cHI111
CcHI122. X cHWB
cHI122.X cHI111

Js =13 TeV
AN=1TeV c=1

_4 - cross-term -
L. cHI122. X cHj3
contribution | - crinz2 X ot
cHIL22 X cHI322
| - cHiz11X 1221
CHI31LX cHWB
1 == cHiz11X.cHIL11
CcHI311.X cHjl
—6 B | . cHIz11 X cHj3
CHI311X cHI322
E CHIBLLX cHIL22
| . owxcHiz22
B WX cHIL22
e
WX _cH]L
—8F ~ - ow.x.cHwWB
W_Xcll1221
SW_X_cHI311
SW_X_cHI111

[0,140] [140,160] [160,180] [180,210] [210,250] [250,300] [300,400] [400,500] [500,600] [600,700] [700,900]  [900,e) |

mi¥Z [GeV]

Figure 7.27: Sensitivity for the cross-term contribution of different pairs of EFT parameters when
all ¢; = 1 on the m}# observable.
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As was done in the linear and quadratic cases, the absolute values of the "effect” in each bin

can be summed for every observable. This aids in quantifying and identifying which cross-term

combinations have a large effect across all observables, and are thus worth further studying.

Figures 7.28 and 7.29 visually demonstrate the combinatorial effect each pair of parameters

has. The former considers only the 5 angular observables, while the latter incorporates the sum

of all 5 angular observables and the kinematic m)'# observable.
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Figure 7.28: Sum of the absolute values of
each bin across all cos Oy,, costz, | cos By/|,
Py, and ?7, observables. EFT parameters are
c=1
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Figure 7.29: Sum of the absolute values of
each bin across all cos Oy, costy, | cos Oy |,
diy, and ¢, + mYy' 7 observables. EFT param-
eters are c = 1.

Cross-terms of some parameters appear to be very sensitive, as shown in Figures 7.28 and

7.29. As a result, the cross-terms for the following 4 Wilson coefficients were selected as having

an effect on the physics process concerned, and were therefore studied further:

* cHj3 °* cW e cHWB e cl11221

7.3.2 Total EFT deviation in observable distributions

The motivation for considering the cross-terms is further realised because Wilson coefficients

are simultaneously allowed to be non-zero (with respect to the study in this thesis, two Wilson

coefficients are allowed to be non-zero). This means that in Equation 6.1, linear and quadratic

terms from both Wilson operators are summed, together with their cross-term. For very sensitive

Sum of Absolute Ratios (Angular + m¥Z distributions)

q

? o

G, - &
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operators, as we have studied in the previous sections, summing them pair-wise would result in
an even larger deviation from the Standard Model.

To illustrate this, we can consider an example of the cHj3 and cW parameters which from
the previous sections were found to be the most sensitive. Figure 7.30 shows the total effect
of the linear, quadratic and cross-terms for both cHj3 and cW parameters, when ¢ = 1. The
grey filled histogram shows the SM contribution. The green and blue solid lines show the full
SM + BSM contribution if cHj3 or cW parameters are considered one at a time. However, both
parameters could be considered simultaneously by summing their individual contributions and
the cross-term contribution. The black solid line represents this total BSM contribution.

It can be seen that a larger inclusive cross-section can be achieved when considering the two
parameters together. This translates in improved sensitivity as is shown in the ratio plots (bottom
panel of each subplot in Figure 7.30). The full SM + cHj3 + c¢W contribution consistently has
the largest BSM/SM ratio, across all bins and across all observables.

Hence, adding the extra cross-term contribution and considering two Wilson coefficients at a
time can provide enhanced sensitivity, allowing to better constrain the parameters.

7.4 SMEFT with 0+1j

Thus far, all sensitivity studies shown above deal with Leading-order diagrams, calculated and
generated with SMEFTsim 3.0 and MADGRAPH5_AMC@NLO using the 0j scheme. i.e. no additional
jets are required in the process. This helps to focus directly on the contributions of the SMEFT
operators without the added complication of NLO QCD.

However, to accurately mimic the conditions in proton colliders, NLO QCD effects must be
taken into account. Section 6.2 introduces the idea of using a ‘merged‘ Monte Carlo generation
strategy, which includes the generation of an additional process with the signal plus one jet
together with the signal process in the final state. i.e. the so called “0+1j” strategy. Section
6.2.1 validates this strategy for the purely SM case. In this section, we further validate this for
the BSM cases where SMEFT operators are present.

SMEFTsim 3.0 uses FeynRules to generate an input model for MADGRAPH5_AMC@NLO to calculate
the additional EFT produced diagrams for a particular physics process. SMEFTsim 3.0 has the
benefit of parameterisation/decomposition: the individual linear, quadratic and cross-terms can
be generated separately [40]. However, this package works at the LO in both QCD and EW.

Another widely adopted input model is SMEFTatNLO [105] which has the advantage of using
loop induced and next-to-leading-order computations in QCD, along with simulating the SMEFT
effects. (EW interactions are still at LO). A current theoretical limitation is its inability to use
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Figure 7.30: SM (grey filled histograms) and BSM (coloured lines) differential distributions for
the WZ — fvil process. BSM predictions considering one Wilson coefficient at a time are shown
for cH33 (solid green line) and cW (solid blue line). Adding both contributions and the cross-term
gives the full BSM prediction (solid black line). Pure linear, quadratic and cross EFT components
are shown as dashed lines. All values of the parameters are set to ¢ = 1.
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the decomposition method when interfacing working at NLO: It becomes increasingly difficult
to separate the diagrams cleanly into “SM-only”, “linear in EFT”, “quadratic in EFT” when NLO
loops on the propagators and vertices are involved.

SMEFTatNLO generates the sum of SM + BSM effects, accounting for NLO QCD. This can be
used to validate the “0+1j” strategy using the SMEFTsim 3.0 setup to simulate BSM effects. The
validation is done for the Wilson coefficients of interest listed in Section 7.1.4.

SMEFTatNLO assumes the same flavour symmetry as in the SMEFTsim-top model, except for
the treatment of down quarks [40]. Since both models have their Wilson coefficients in the
Warsaw basis, a one-to-one mapping of Wilson coefficients between the two packages exists.
An exception to this is the cHj1 and cHj3 parameters which are defined as a combination of
parameters in the SMEFTatNLO package.

7.4.1 Inclusive cross-section comparison

The predictions of the inclusive cross-section calculated by SMEFTatNLO and SMEFTsim 3.0 LO
can be compared to quantify the magnitude of change in going from LO to NLO. As described in
Section 6.2, LO generations can be enhanced to add some NLO contribution by using the 0+1j
scheme, which adds a jet in the final state.

Table 7.5 shows the SMEFTatNLO inclusive cross-section for the SM prediction and the SM
+ EFT prediction, for various Wilson coefficients of interest. The same is reported for the LO
generation using SMEFTsim, for both 0j and the 0+ 1j strategy.

It is quite evident that the 0+1j scheme at LO gives a much better approximation to the
SMEFTatNLO prediction than the 0j scheme. A percentage difference of < 10% is noted from
SMEFTatNLO to the SMEFTsim 0+ 1j LO scheme.

7.4.2  Observable distribution comparison

The distributions for each observable of interest can be compared for the state-of-the-art SMEFTatNLO
generation and the 0+1j SMEFTsim 3.0 LO generation. It should be noted that the SMEFTatNLO
data sample has a smaller sample size, compared to the SMEFTsim 3.0 LO generation.

The SMEFTatNLO data sample consists of the SM prediction + the EFT linear and quadratic
prediction for the particular Wilson coefficient.
The SMEFTsim LO generation also consists of the sum of the SM prediction, the EFT linear, and
the EFT quadratic prediction for the particular Wilson coefficient. All coefficients are set to the
value ¢ = 1. The predictions used for this comparison do not include the cross-terms.

The figures compare the differential distributions of the observables of interest for the pa-
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Parameter SMEFTatNLO 0j 0+1j | % diff SMEFTatNLO | % diff SMEFTatNLO
oina (fb) oina (fb) | oina (fb) vs 0j vs 0+1j
SM 48.7 30.1 45.9 47.1 6.2
(52.06 in POWHEG)

SM +
cHDD 49.0 30.8 46.9 45.7 4.4
cHWB 52.6 33.3 50.6 44.9 3.9
cHj3 77.3 50.6 70.5 41.6 9.2
cH1111 51.9 32.2 49.1 46.8 5.5
cH1122 51.5 32.2 49.1 46.1 4.8
cH1311 43.2 26.9 40.9 46.6 5.4
cH1322 43.4 26.9 40.9 46.8 5.8
cW 55.6 37.3 54.4 39.4 2.2
c111221 54.5 33.9 51.7 46.7 5.2

Table 7.5: Inclusive cross-section comparison of SMEFTatNLO SM and EFT production with LO
SMEFTs+m production for both 0j and the 0+1j strategy. All EFT parts contain the linear and
quadratic contribution, with ¢ = 1.

rameters for SM (Figure 7.31) cHDD (Figure 7.32), cH1111 (Figure 7.33), cH1122 (Figure 7.34),
cH1311 (Figure 7.35), cH1322 (Figure 7.36), cHj3 (Figure 7.37), cHWB (Figure 7.38), c111221
(Figure 7.39), and cW (Figure 7.40) respectively.

In general, the ratios of 0+1j/SMEFTatNLO exhibit are flat across the kinematic ranges, sug-
gesting that the NLO and LO predictions do not differ drastically in shape, and a common mul-
tiplicative factor could be used for LO calculations to arrive at at NLO prediction. The largest
difference usually occurs in the high energy m!'# bins, which is where EFT operators have a
larger effect, and in the |cosfy| > 0.9 region, where the boson momentum is largely in the lon-
gitudinal direction. Other angular observables, in general, seem to have a relatively flat ratio
when going from LO to NLO.

For the Standard Model distributions, the three angular variable distributions are relatively
flat, with the per-bin ratios typically lying between 0.92 and 1.0. The largest deviation occurs
in the |cosfy| observable, where the ratio dips to 0.87 in the kinematic region corresponding
to smaller boson transverse momentum. In this region, higher-order corrections, particularly
initial-state radiation (which alters the longitudinal momentum of the system), are significant.
These effects are not modelled at the LO 0+1j level. There is also slight deviation in the ratio for

the the m)¥Z variable, especially in the highest my bins, but this is accounted for in the statistical
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Figure 7.31: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO for SM (¢ = 0). The ratio plot shows a bin-by-bin
ratio between SMEFTatNLO and SMEFTs%m LO. All uncertainty bands are statistical.
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Figure 7.32: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cHDD=1. The ratio plot shows a bin-by-bin ra-
tio between SMEFTatNLO and SMEFTs%im LO. All uncertainty bands are statistical.
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Figure 7.33: Comparison of the differential

distributions of the observables of interest for

SMEFTatNLO and 0+ 1j SMEFTsim 3.0 LO, with cHl1111=1. The ratio plot shows a bin-by-bin ratio
between SMEFTatNLO and SMEFTsim LO. All uncertainty bands are statistical.
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Figure 7.34: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+ 1j SMEFTsim 3.0 LO, with cHl1122=1. The ratio plot shows a bin-by-bin ratio
between SMEFTatNLO and SMEFTsim LO. All uncertainty bands are statistical.
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Figure 7.35: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+ 1j SMEFTsim 3.0 LO, with cH1311=1. The ratio plot shows a bin-by-bin ratio
between SMEFTatNLO and SMEFTsim LO. All uncertainty bands are statistical.
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Figure 7.36: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+ 1j SMEFTsim 3.0 LO, with cH1322=1. The ratio plot shows a bin-by-bin ratio
between SMEFTatNLO and SMEFTsim LO. All uncertainty bands are statistical.
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Figure 7.37:

Comparison of the differential distributions of the observables of interest for

SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cHj3=1. The ratio plot shows a bin-by-bin ra-
tio between SMEFTatNLO and SMEFTs%im LO. All uncertainty bands are statistical.
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Figure 7.38: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cHWB=1. The ratio plot shows a bin-by-bin ra-
tio between SMEFTatNLO and SMEFTs%im LO. All uncertainty bands are statistical.
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Figure 7.39:

Comparison of the differential

distributions of the observables of interest for

SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cl11221=1. The ratio plot shows a bin-by-bin
ratio between SMEFTatNLO and SMEFTs%m LO. All uncertainty bands are statistical.
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Figure 7.40: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0O+1j SMEFTsim 3.0 LO, with cW=1. The ratio plot shows a bin-by-bin ratio
between SMEFTatNLO and SMEFTsim LO. All uncertainty bands are statistical.
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error bars.

For cHDD distributions, the ratio remains relatively flat, with values typically lying between 0.9
and 1.15. The higher bins of the m'YZ variable do experience some deviation between the higher
order MCs.

In the cH1111, cH1122, cH1311 and cH1322 distributions, the ratio also remains fairly flat,
generally fluctuating between 0.87 and 1.01. Of note is a large deviation of 1.45 in the higher
m'¥Z bins for cH1122.

The cHj3 distribution also shows a somewhat flat behaviour, with the ratio values typically
lying between 0.9 and 1.0.

For the cHWB distribution, the ratio is flat within the range 0.9 to 1.00.

For the c111221 distribution, the ratio also remains flat, fluctuating between 0.87 and 1.15.

For the cW distribution, the ratios are mostly flat, lying between 0.89 and 1.1. For this Wil-
son coefficient in particular, the 0+ 1j predictions are in strong agreement with the SMEFTatNLO
predictions.

The difference in magnitude between the EFT distributions is dominated by the difference
in SM predictions from LO to NLO. The EFT effects are relatively unchanged from the increase
in order in QCD, thus showing that the 0+1j samples predict the EFT effects just as well as
SMEFTatNLO generation.

Given the bin-by-bin ratio results as well as the results from the integrated inclusive cross-
section predictions, the SMEFTsim LO prediction is considerably improved using the 0+1j scheme,
and the description of the SMEFT effects are closer to state-of-the-art SMEFTatNLO predictions.
The use of 0+1j MC samples is therefore justified, as they produce predictions comparable to
the state-of-the-art SMEFTatNLO results.

With this result, the SMEFT prediction (2! in Equation 6.13), derived from the SM + EFT
predictions (Equation 6.1), demonstrates that the 0+ 1j method provides a satisfactory EFT pre-
diction at NLO. Thus, in this analysis, only the SM prediction is scaled to higher orders, while
the EFT contribution is directly obtained from the 0+ 1j generation.

Further plots in which the SM contribution is neglected, and only the EFT contribution is
compared are presented in Appendix F.
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CHAPTER 8

SMEFT interpretation of the W2 — (vif
channel in the ATLAS Run-2 dataset

This chapter presents the results and SMEFT interpretation of the W Z — (v¢¢ channel using the
full Run-2 ATLAS dataset of 139 fb~! collected at /s = 13 TeV (2015-2018).

Reconstruction-level histograms (after event selection and background subtraction) are un-
folded with the response matrix (Section 5.5) to the fiducial particle level (dressed leptons).
The unfolded distributions are then compared to particle level MC (truth) predictions shown in
Figure 6.1. This thesis presents an interpretation of the data at the dressed particle level.

For each measured result, an expected CI is also provided. The expected CI is obtained by
performing the fit to an Asimov data sample [124, 125] i.e. in this case, a Standard Model data
sample, with all nuisance parameters set to their central value. Although by construction, a fit
to this data set will extract the input central values (which is the SM, i.e. ¢ = 0), it can be used
to study the Nuisance Parameters constraints and correlations and can provide a range for the
expected significances.

8.1 Particle Level results

8.1.1 1D EFT limits

The Likelihood function of Equation 6.12 is maximised for one Wilson coefficient of interest and
one observable of interest at a time. The profile likelihood ratio test statistic defined in Equation
6.15 is then used to measure Wilson coefficients and either observe non-zero values or exclude
them in a 95% confidence interval.

The measured 95% confidence intervals obtained by fitting the linear and quadratic EFT con-
tributions for the Wilson coefficients of interest are listed in Table 8.1. Scans of the profile
likelihood ratio statistic for each coefficient are shown in Appendix C. The expected 1D limits,



as well as the profile likelihood scans are also shown in Appendix C.
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EFT parameter Observable
cos(0yy,) cos(0,) | cos(6y)| mi? S, %%,
cHDD [-4.27,2.59] | [-3.99, 2.88] | [-3.50, 2.33] | [-3.99, 1.72] | [-4.91, 3.28] [-4.00, 2.74]
cH1111 [-2.85,1.50] | [-2.83,1.49] | [-3.33,1.01] | [-2.91,0.89] | [-1.53, 2.09] [-2.29, 1.40]
cH1122 [-2.88, 1.46] | [-2.88, 1.45] | [-3.34,0.98] | [-2.90, 0.88] | [-1.59, 2.05] [-2.30, 1.38]
cH1311 [-0.85, 1.56] | [-0.87,1.50] | [-0.57,1.75] | [-0.54, 1.52] | [-1.23, 0.87] [-0.82, 1.23]
cH1322 [-0.86, 1.52] | [-0.86, 1.49] | [-0.57,1.74] | [-0.51, 1.54] | [-1.21, 0.87] [-0.83, 1.21]
cHjl [-1.42,1.76] | [-3.74,1.68] | [-2.03, 1.03] | [-2.61, 1.79] | [-5.03, 2.46] [-4.69, 1.88]
cHj3 [-0.61, 0.16] | [-1.28, 0.32] | [-0.76, -0.02] | [-0.18, 0.02] | [-2.24, -1.84] [-0.45, 0.24]
U [-0.10,0.37]
cW [-0.91, 0.80] | [-0.73,0.63] | [-0.23,0.32] | [-0.11, 0.09] | [-0.96, 0.92] [-0.53, 0.78]
cll1221 [-1.38, 0.83] | [-1.36,0.84] | [-1.57,0.55] | [-1.38, 0.51] | [-0.80, 1.21] [-1.13, 0.79]
cHWB [-7.31,0.92] | [-7.42, -4.49] | [-7.35, 0.05] | [-2.38, 0.34] | [-8.28, -6.55] [-7.29, -5.46]
U [-2.86,1.03] U [-0.44, 1.40] | U [ -2.00, 0.96]

Table 8.1: Measured 95% confidence intervals for EFT parameters, determined by fitting the
weighted sum of the linear and quadratic terms for each of the listed observables. The U symbol
indicates disjoint ranges included by the measurement.

Figure 8.1 shows the confidence intervals (CIs) of the different EFT coefficients for each ob-
servable studied. Together with the measured CI, an expected CI is also provided.

All but one of the limits obtained includes the SM value within at least the 95% CI.

Within the 95% CI range for | cos(fy )|, cHj3 has a very small value that does not include the
¢ = 0 SM point. The cHj3 parameter only just includes the SM point within the 95% CI for m}'Z.

It should be noted that by definition, the 95% CI would not include the true parameter value
5% of the time. This would mean, statistically it is likely that the SM point could be excluded in
these fits 5% of the time. Therefore this result is statistically expected.

Also noteworthy is the cHWB parameter whose profile likelihood ratio test statistic contains
multiple minima, some of which dip in and out of the 10 and 20 thresholds (shown in Appendix
C). For this reason, a discontinuous 95% CI is reported for this parameter. cHj3 for ¢y, also
has a similar profile likelihood ratio test statistic, causing a discontinuous 95% CI. The “second”
95% interval in these cases suggests a rather large value of ¢, so while this is mathematically
possible, it is physically quite unlikely as the effect of such a large ¢ would have already been
seen in other measurements [126].

Different observables offer different insight into the strength of each EFT parameter. In par-
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ticular, the most sensitive observables, | cos(6y)| and m}YZ, offer very tight constraints for cW and
cHj3. All observables suggest that cHj3 is skewed more in the negative direction, suggesting a
negative value for this parameter, should it be non-zero.

On the other hand, some parameters such as cHj1 and cHDD are not constrained very effec-
tively, suggesting that other analyses may be better suited to see the effects of these parameters.
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Figure 8.1: Expected (blue) and measured (red) 95% ClIs for each Wilson coefficient of interest,
and for each observable studied. Results are quoted for fits that take into account both linear
+ quadratic contributions. Expected distributions are obtained when fitting an Asimov Standard

Model data sample.
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8.1.2 2D EFT limits

By including the cross-terms, the predictions that go into the fit of Equation 6.12 are now a
function of two Wilson coefficients. The unfolded data can thus be fit to this prediction to
provide 2D scans of the likelihood surface. Using the profile likelihood ratio test statistic defined
in Equation 6.15, confidence intervals for allowed ranges of Wilson coefficients are obtained.

The interpretation focuses on the combination of the previously studied 4 most sensitive cross-
terms in Section 7.3.1.

The 2D scans provide insight into correlations between the two EFT parameters. If the con-
tours are elongated along a diagonal axis, the two parameters are correlated, while if the con-
tours are more circular, the parameters are independent.

Observable: gy cos 6y,

Figure 8.2 illustrates the profile likelihood ratio test statistic scan for the measurement of the
qw cos 0y, observable. The expected profile likelihood ratio using both the Asimov data and real
data is shown in Appendix D.1.

The black solid line corresponds to the borders of the 68% CI when varying both parameters.
The black dashed line represents the 95% CI when varying both parameters. The white solid
horizontal and vertical lines correspond to the 95% CI of the 1D fit for the individual parameter.

The SM point (0,0) as illustrated by a white filled circle, is inside the 68% boundary of all
scans. However, the parameter space of plausible values for each coefficient pair is wide, sug-
gesting that while the data is not strongly rejecting the Standard Model, certain parameter com-
binations may leave room for possible deviations.

For some parameter scans, namely cHj3 x cHWB, cHj3 x cW, multiple minima are present in
the profile likelihood statistic surface. For the case of cHj3 x cHWB, two separate distinct regions
lie in the 68% CI, and they are all commonly enclosed in the 95% CI.

The contours for cHj3 x ¢111221 and cHj3 x cW (Figures 8.2 (b) and (d)), show elongation
either diagonally or horizontally, which suggests that these coefficients are quite correlated. cw
x ¢111221 (Figure 8.2 (f)) also shows a tilt, which could suggest some correlation. All other
plots are somewhat circular, suggesting minimal correlation between parameters.

c111221 consistently shows the largest allowed ranges, while cW and cHj3 are the most tightly
constrained coefficients in this observable.
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Figure 8.2: 2D scans of the profile likelihood ratio test statistic (Equation 6.15) for the qw cos 6y,
observable. The white dot represents the SM point (0,0). The black solid (dashed) lines correspond
to the borders of 68% (95%) CI when varying both parameters. The white solid line corresponds to
the 95% CI of the 1D fit for the individual parameter. Expected results are shown in Appendix D.1.
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Observable: cos 07,

Figure 8.3 shows the profile likelihood ratio test statistic scan for the measurement of the cos 67,
observable. The expected profile likelihood ratio using Asimov data is shown in Appendix D.2.

The SM point (0,0) as illustrated by a filled white circle, is included in all the 68% CI for
all parameter combinations studied. Again, the parameter space of plausible values for each
coefficient pair is wide, suggesting that while the data is not strongly rejecting the Standard
Model, certain parameter combinations may leave the possibility of deviations. Nonetheless,
some minima in the plots occur at high ¢ values, which make it physically unlikely as these
effects would already have been discovered [126, 127].

Such an example is in the cHj3 x cW plot (Figure 8.3 (d)), where 3 minima are found, all
enclosed within the 68% CI. The other two minima have values of cHj3 ~ —1.2, which is signifi-
cantly different from the cHj3 = 0 i.e. SM point. cHj3 x cHWB, cHj3 x c111221 and cW x cHWB
(Figures 8.3 (a), (b) and (e)) all share such a feature.

The scan for c111221 x cHWB (Figure 8.3 (c)), shows the elongated region, but with an abrupt
jagged drop off on the left and top ends. This happens when the fit fails to minimize for that
parameter space. The range was still kept in the plot to show the elongation and the shape of
the diagonal ellipse.

The expected 2D plots shown in Appendix D.2 also have similar shapes to the measured plots,
with a key difference being the multiple minima in the measured plots now become one smooth
large minimum of the expected surface contours.

All other diagrams show the SM point within the 68% CI, except for the scan of cHj3 x cHWB,
where the SM point is enclosed within the 95% CI. The shape for this likelihood surface is also
quite different to the expected shape.
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Figure 8.3: 2D scans of the profile likelihood ratio test statistic (Equation 6.15) for the cos 07,
observable. The white dot represents the SM point (0,0). The black solid (dashed) lines correspond
to the borders of 68% (95%) CI when varying both parameters. The white solid line corresponds to
the 95% CI of the 1D fit for the individual parameter. Expected results are shown in Appendix D.2.
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Observable: | cos 0y |

Figure 8.4 illustrates the profile likelihood ratio test statistic scan for the measurement of the
| cosfy| observable. The expected profile likelihood ratio using Asimov data is shown in Ap-
pendix D.3.

In this observable, the SM point (0,0) as illustrated by a filled white circle, is included at the
68% CI, in only one combination: cW x c111221 (Figure 8.4 (f)). All others include the SM at
the 95 %CI.

As reported in 8.1, the 95% CI for cHj3 did not include the cHj3 = 0 point (albeit only just).
Therefore the 2D plots involving cHj3 = 0 could offer valuable insight.

Combinations cHj3 x cHWB, cHj3 x c111221 and cHj3 x cW (Figures 8.4 (a), (b), (d)) all
show the SM point close to the boundary of the 95% interval. Notably, cHj3 x ¢c111221 Figure
(b), a rather diagonal surface, is seen to have a shape distinctly different from the expected
one in Appendix D.3. This suggests that the measured data is shifting the likelihood of the
parameter values considerably. Also noteworthy is all 3 combinations of cHj3 favour a slightly
negative value for this parameter.

It should also be mentioned that c111221 x cHWB (Figure 8.4 (c)) also has the SM point at
the edge of the 95% interval, and with a much less exaggerated ellipse shape than the 2D plot
of the expected data (in Appendix D.3.)

Observable: m}V'”

Figure 8.5 illustrates the profile likelihood ratio test statistic scan for the measurement of the
m'¥Z observable. The expected profile likelihood ratio using Asimov data is shown in Appendix
D.4.

In this observable, the SM point (0,0) as illustrated by a filled white circle, is included in
the 68% CI for 3 combinations: c111221 x cHWB, cW x cHWB and cW x c111221. The remaining
three, cHj3 x cHWB, cHj3 x c111221 and cHj3 x cW, include the SM at the 95%CI.

This observable is unique due to the absence of multiple minima in the log-likelihood surfaces.
Additionally, all plots exhibit some degree of correlation between the coefficient pairs. This is not
very surprising as the last few bins of m!'Z which are the most sensitive to New Physics effects,
also suffer from having little shape information. Without shape discrimination, the observable
cannot distinguish which Wilson coefficient drives an excess in the final bin.

m!¥Z has much tighter constraints for the parameters, especially for cHj3 x cW (Figure 8.5
(d)). For example, for m}¥'#, cHj3 approximately spans the range (-0.2,0.05) while for | cosfy|,
cHj3 approximately spans the range (-0.9,0.5). This is behaviour also seen in the 1D limits.
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Figure 8.4: 2D scans of the profile likelihood ratio test statistic (Equation 6.15) for the | cos 6y |
observable. The white dot represents the SM point (0,0). The black solid (dashed) lines correspond
to the borders of 68% (95%) CI when varying both parameters. The white solid line corresponds to
the 95% CI of the 1D fit for the individual parameter. Expected results are shown in Appendix D.3.
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Figure 8.5: 2D scans of the profile likelihood ratio test statistic (Equation 6.15) for the m}V%
observable. The white dot represents the SM point (0,0). The black solid (dashed) lines correspond
to the borders of 68% (95%) CI when varying both parameters. The white solid line corresponds to
the 95% CI of the 1D fit for the individual parameter. Expected results are shown in Appendix D.4
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Observable: ¢y,

Figure 8.6 illustrates the profile likelihood ratio test statistic scan for the measurement of the
¢yy, observable. The expected profile likelihood ratio using Asimov data is shown in Appendix
D.5.

The SM point (0,0) as illustrated by a filled white circle, is inside the 68% boundary of all
scans. However, the broad parameter space hints at potential deviations. So while the data
doesn’t reject the SM, certain parameter combinations leave the possibility of new physics.

Combinations including cHj3 and cHWB parameters exhibit circular likelihood shapes. This is
due to the fact that in the 1D scenario, both of these parameters have two distinct 95% CI ranges
(Table 8.1).

Shapes of the measured data are very similar to the expected shapes shown in Appendix D.5.
However, importantly, the circular diagrams, cHj3 x cHWB, cHj3 x cW and cHWB x cW (Figures
8.4 (a), (b), (e)) all have a uniform minimum surface in the Asimov plot i.e. the concentric
circles are rather symmetrical. In the data plots, there is a slight asymmetry. The asymmetry
favours more negative values of cHj3, more negative values of cHWB and more positive values of
cW. The allowed ranges for cHWB and c111221 are generally quite large for this observable.

Observable: ¢7,

Figure 8.7 illustrates the profile likelihood ratio test statistic scan for the measurement of the ¢7,
observable. The expected profile likelihood ratio using Asimov data is shown in Appendix D.6.

The SM point (0,0) as illustrated by a filled white circle, is inside the 68% boundary of all
scans. However once again, the parameter space has a wide area of possible ranges within the
1o band, so while the data doesn’t reject the SM, certain parameter combinations leave the
possibility of new physics.

Strong correlations are seen for many of the parameter scans, most notably, cHj3 x ¢111221,
cHj3 x cWand cW x c111221 (Figures 8.4 (b), (d), (f)).

When comparing to the expected scan for cW x cHWB, a significant change of shape is seen
i.e. from a circular profile in the expected scan to a banana-shape profile for the measured scan.
This highlights that the data strongly excludes a region of the parameter space (cW ~ 1 U cHWB ~
[—6,—2]).
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Figure 8.6: 2D scans of the profile likelihood ratio test statistic (Equation 6.15) for the ¢y,
observable. The white dot represents the SM point (0,0). The black solid (dashed) lines correspond
to the borders of 68% (95%) CI when varying both parameters. The white solid line corresponds to
the 95% CI of the 1D fit for the individual parameter. Expected results are shown in Appendix D.5.
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Figure 8.7: 2D scans of the profile likelihood ratio test statistic (Equation 6.15) for the ¢7,
observable. The white dot represents the SM point (0,0). The black solid (dashed) lines correspond
to the borders of 68% (95%) CI when varying both parameters. The white solid line corresponds to
the 95% CI of the 1D fit for the individual parameter. Expected results are shown in Appendix D.6.
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8.1.3 Summary

Limits on one-dimensional EFT coefficients have been established at the particle level, and for
the first time in this channel, two-dimensional limits on EFT coefficients have also been obtained
using the complete Run-2 dataset. These limits have been determined for all six observables.

For the one-dimensional (1D) limits, the SM point, i.e., cgpr = 0, falls within the 95% CI
for all measurements. The cHj3 parameter in the | cos fy/| observable only just excludes the SM
point where the 95% CI is [-0.760, -0.018]. Other observables indicate that the 1D limit on
cHj3 includes the SM point within at least the 95% CI. The two-dimensional (2D) limits for cHj3
in combination with other parameters for the |cos 6y | observable generally show the SM point
located near the boundary of the 95% CI, suggesting that this observable is sensitive to the cHj3
parameter and hints at potentially non-zero values for cHj3. Both the 1D and the 2D limits for
cHj3 strongly suggest a negative value for the Wilson coefficient, if non-zero.

For the two-dimensional (2D) limits, the SM point, i.e., cgpr, = cprr, = 0, is included within
the 95% CI for all combinations and observables studied.

Strong constraints are given both in the 1D and 2D limits for the cW parameter. cHj3 is also
well constrained in 1D and 2D for all observables, especially in m)¥Z. cHWB generally allows the
largest parameter space, showing poor constraints on this parameter, in both the 1D and the 2D
cases. However, in both the 1D and the 2D cases, the observable m!'Z constraints this parameter
much more effectively than all the other observables. For the parameter cHj3, the 1D 95% CI is
roughly 3.5 times smaller in mgV Z then in the next best observable (which in this case is ¢*Z[).
For the parameter cW, the 1D 95% CI is roughly 2.75 times smaller in m'Z then in the next best
observable (which in this case is | cos fy|).

Much poorer constraints in all observables appear for ¢c111221 when combined with cHWB,
than when combined with the other parameters. This could highlight significant correlations
that may be introduced with this cross term.

In terms of observables, m}'# and | cos fy| offer the strongest overall constraints. The other
angular observables show varying constraint strengths.

Pull plots, which evaluate the quality of the fits and assess potential biases are examined for all
1D and 2D results. A selection of these are shown in Appendix E, with the nuisance parameters
defined in Chapter 6.4.

For the 1D expected (Asimov) fits, all nuisance parameters are contained within the 10 band.
However, for the measured fits for cHj3, the error on the nuisance parameter diboson pdf (see
Section 6.4) pull is usually larger than the 20 band in m}V% and | cos fy|. Here, diboson pdf is

the nuisance parameter representing the PDF uncertainty, which we assume to be a constant 1%
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across all bins. m/!'Z also has significantly larger errors on the pulls for the diboson_pdf nuisance
parameter. A possible reason for the larger pulls is the lack of statistics in the very high m}V#
bins. m}¥Z is also the only kinematic variable where the momentum of the initial state particles
could have a real impact on the distribution, and the highest bins represent the most extreme
case. All other 1D measured fits have a more constrained pull plot as the nuisance parameter
pulls are within 1o.

For the 2D fits, most nuisance parameters in are contained within the 10 band, and all are
contained within the 20 band. Most are centred around 0, although a few exceptions do occur.
No systematic bias in the fits is noted.

The 2D constraints highlight the correlations between the parameters, underscoring the im-
pact of the cross-terms in obtaining a full picture of the parameter constraints.

8.2 Results in the context of other measurements

Both the 1D and 2D results for different physics channels (Higgs, Top, Electroweak) feed into
a global combination machinery, where limits for similar operators but in individual channels
are statistically combined. This allows for increased reach by probing operators sensitive to
particular processes. The combination is done at the level of ATLAS, which these results will
feed into, and at the level of the LHC [128], where ATLAS, CMS and LHCD interpretations are
combined. The results from this thesis will provide the particle level limits for ATLAS W Z in the
global combination.

The results indicate that the data does not reject the Standard Model hypothesis (i.e. Wilson
coefficients ¢ = 0) for the operators studied with the observables used here. The exception seen
in the 1D limit cHj3 parameter in the | cos #y/| observable is consistent with statistical expectation
(by definition, the 95% CI would not include the true parameter value 5% of the time), or could
also be consistent with a potential slight deviation from the SM. Other observables do not rule
out this possibility, although they do include the SM in their 1o range.

Nonetheless, it is clear that the constraints for cHj3 and cW are very stringent, showing the
importance of this analysis.

cHj3 is the Wilson coefficient for the Qf})q operator. Using the top flavour scheme and in
the Warsaw basis, Figure 8.8 summarizes the measured 1D limits at the particle level for all
observables.

The most stringent 95% CI obtained is from the m'Y# observable:

cHj3

Az € [—0.18,0.02] TeV~2 at the 95% confidence level, assuming A = 1 TeV.
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Figure 8.8: Measured 1D limits on cHj3 for all observables studied. Values at the bottom of the
bar indicate the 95%(CI for the respective observable.

Table 8.2 compares this with other current published limits.

This Study: Reference
Observable Limits (95% Notes on Reference
m¥WZ (95% CI) ()

Individual analysis measurement:
[—0.164,0.039] | ATLAS Higgs boson decaying into b
quarks with a vector boson [127].

Global Combination: Global SMEFT
cHj3 [—0.179,0.016] [—0.39,0.34] analysis using Higgs-Top processes at
ATLAS and CMS Run-2 [129].

Global Combination: Global SMEFT
analysis using LEP, SLD data, and
ATLAS/CMS Run-2 [126]. Considered
the latest and strongest global fit.

[—0.166, —0.010]

Table 8.2: Comparison of cHj3 limits from this study and reference analyses. CMS has not
published any 1D limits on cHj3 for the W Z leptonic channel yet.
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cHj3 can be probed quite well in Higgs related channels where observed limits form a bench-
mark single analysis measurement in [127]. The power from the W Z over other channels is
that it is essentially only sensitive to cHj3 and not strongly sensitive to other Higgs related op-
erators like cHj1, cHu, and cHd that are strongly correlated with cHj3 in Higgs analyses. Similar
limits are obtained with this single analysis measurement H — bV. Limits reported in this
thesis are better than the global combination analysis that uses Higgs-Top processes at ATLAS
and CMS Run-2 [129], which indicates the value of including EW processes such as the W7
in constraining this parameter. The strongest global combination limit [126], widely regarded
as the reference, includes high-precision measurements of the ¥ and Z boson branching ratios
and electroweak couplings from LEP and SLD, as well as 1 mass determinations from LEP and
the Tevatron colliders. The limits reported here (single measurement) are slightly less stringent
than the global combination, but are still quite competitive. With the new limits presented in this
thesis, additional input is provided for the global combination that will make an even stronger
limit.

The analysis is also sensitive to cW, and stringent 1D limits have also been obtained for this
Wilson coefficient. cW is the Wilson coefficient for the operator Qy = e/*W*W/*W*. Using the
top flavour scheme and in the Warsaw basis, Figure 8.9 summarizes the measured 1D limits at
the particle level for all observables.

The best 95% CI obtained is once again from the m# observable:

Z—‘g € [~0.11,0.09] TeV-? at the 95% confidence level, assuming A = 1 TeV.

Table 8.3 compares this with other current published limits.

The CMS W Z reference limit uses a data sample of similar size and a similar approach for
the same run period as the results presented in this thesis. Our limits are extremely close to
this result, which is expected. The CMS W~ analysis [132] shows that the limits depend on the
cutoff value p,.. The limits in this thesis are comparable to the p). = 800 GeV cut-off value, and
become less competitive when the highest cut-off value of 1500 GeV is used. The limits in this
thesis offer a large improvement over those established by the ATLAS Run-2 Vector Boson Fusion

777 analysis [133].

The EFT 2D constraints are novel for the W Z channel, and are particularly important as for
the first time, correlations from the effect of cross-terms between EW sensitive operators are
studied and seen.
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Figure 8.9: Measured 1D limits on ci for all observables studied. Values at the bottom of the bar
indicate the 95%CI for the respective observable.

This Study: Reference
Observable Limits (95% Notes on Reference
m*? (95% CI) CI)

Individual analysis
measurement: CMS IV Z Run-2
[130]. Uses HISZ basis [131]
instead of the Warsaw basis.

cW [—0.107,0.087] Individual analysis
[—0.062,0.052] | measurement: CMS Wy Run-2
[132]. p7. cutoff at 1500 GeV.

[—0.070,0.085)

Individual analysis
[—0.19,0.41] measurement: ATLAS VBF Zjj
Run-2 [133].

Table 8.3: Comparison of cWlimits from this study and reference analyses.
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The parameter space of possible Wilson coefficient values is quite wide within the 1o band,
so while the data doesn’t reject the SM, certain parameter combinations still leave room for the
possibility of new physics.

The 2D plots, especially for cHj3 x cW are valuable to the physics community as stringent
limits can be made on the simultaneous constraining of these parameters. In particular, as seen
in the 1D case as well, the m!'# observable offers remarkable limits, just slightly outside the 1D
CIs.

Ideally, a global analysis would involve an n-dimensional likelihood fit spanning both a large
set of observables and multiple simultaneously non-zero Wilson coefficients. Such an approach
would maximize sensitivity to subtle correlations and interdependencies in SMEFT parameter
space. However, this is limited not only by computational resources, but also by the amount of
data— binning across several variables quickly exhausts the available events.

Currently, 2D constraints offer the most insight to New Physics parameters in physics processes
at the current energy scale. The results presented here constrain six unique combinations of
Wilson coefficients, some of which have never been explored before.

An alternative method of simultaneously constraining multiple Wilson coefficients uses Prin-
cipal component analysis where a modified basis that consists of linear combinations of the
Warsaw basis operators are created and fed into the likelihood fit. An example of this is done in
[107].

In the context of the bigger picture, both the 1D and 2D limits will feed into the Global
combination efforts of ATLAS and the LHC. The 1D limits provide improved sensitivity for certain
parameters, while for others they offer complementary information when compared with results
from other analyses and sensitive processes. The novel 2D limits also offer insight into unique
correlations sensitive only to the W Z channel, which is valuable for the global combination
[126].
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CHAPTER 9

Conclusions and outlook

The properties of the triple-gauge coupling, when measured with high precision, provide a
means of identifying any potential deviations from Standard Model predictions. The ATLAS
detector at the LHC collected 139 fb~! of proton—proton collision data during Run 2, creating an
unparalleled opportunity to explore and probe this rare coupling in the Electroweak sector. This
thesis examines the full W27 — (v¢¢ data sample to provide insights to possible physics Beyond
the Standard Model.

Deviations from the SM can be quantified using a model-independent framework called Ef-
fective Field Theory, where higher dimension operators are added to the SM Lagrangian. The
work done in this thesis focuses on a subset of relevant dimension-6 operators that affect the
Electroweak sector and the W7 — (v¢¢ channel. This work sets limits on the most sensitive
Wilson coefficients, which are scalar quantities that regulate the strength of each EFT operator.

An area of special interest in this study is the examination of differential variables, such as the
do
> dmYY

be too low to directly observe new physics, several models beyond the SM predict deviations that

transverse mass distribution of the W Z system . Although the LHC’s collision energy may
may become more apparent at high values of mVZ. In this region of high transverse mass, even
though cross-sections are low, significant deviations could potentially appear without conflicting
with prior experimental observations. Other angular observables, such as cos(y;,) and cos(07, ),
which represent the angle that the W (or Z) lepton makes with the parent boson direction in
the W (or Z) rest frame, are also studied. Additionally, the angle that either boson makes with
the incident proton direction in the W Z rest frame, cos(fy ), as well as the azimuthal angles
of the decay leptons around the parent bosons, ¢y, and ¢7 , are analysed. These angles offer
an alternative way to probe the triple-gauge coupling as they are measured from the centre
of mass of the colliding system, rather than the lab frame, which makes them independent of
boosts. Studies conducted in this thesis show that all 5 angular observables and the kinematic
observable m}¥# would be sensitive to EFT effects.

Out of the 2499 dimension-6 operators that exist, many of them have a minimal effect on this
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channel. This thesis presents studies of the CP-even Wilson coefficients with the most impact:
cHDD, cH1111, cH1122, cH1311, cH1322, cHj1, cHj3, cHWB, c111221, cW.

Special work was done to ensure accurate and state-of-the-art SM and EFT predictions were
obtained and generated. The cross section for W Z production is measured across several angular
and kinematic variables and compared to predictions from the SM, utilising MATRIX calculations
at NNLO and the Monte Carlo event generators Powheg+Pythia at NLO. The MATRIX calculations
exhibit the closest agreement with the observed data.

The contributions of the dimension-6 EFT parameters were simulated with the MadGraph+Pythia
event generators using the SMEFTsim model at LO. NLO effects were partially incorporated by
including events with an additional jet in the matrix element. This is referred to as the 0+1j
merged scheme. This prediction was validated against the SMEFTatNLO generator which is able
to generate predictions at NLO QCD, but the SMEFT contributions cannot be parameterised.

EFT constraints using all six observables were made on each of the 10 Wilson coefficients
based on the Run-2 dataset. By considering both the linear (interference) and the quadratic
contributions of each of these coefficients, no significant deviation from the Standard Model is
observed at the 95% CI for most of the 1D particle-level fits. The only exception to this is the cHj3
parameter in the | cos 6y/| observable which only just excludes the SM point where the 95% CI is
[-0.760, -0.018]. It is also worth noting that due to statistical fluctuations, approximately 1 out
of every 20 1D or 2D limits is expected to exclude the SM point. cHj3 for all other observables
includes the SM point in the 95% CI.

For the first time, cross-terms, which quantify the interference of different EFT operators with
each other are also included in the EFT predictions for this channel. This allows for constraining
2 Wilson-coefficients at a time. Because the number of combinations are large, only the most
sensitive cross-terms are studied, namely: cHj3, cW, cHWB and c111221. This resulted in six new
2D limits where pairs of EFT coefficients were constrained using the data for each observable.

In the 2D particle-level fits, no significant deviation from the Standard Model is observed
at the 95% CI. Strong constraints on cW and cHj3 have been obtained using all observables.
Constraints tend to be symmetrical around O for cW. For cHj3, constraints show that a negative
value is more likely.

Different observables make it possible to examine the physics from various perspectives, and
as a result, some observables are more sensitive than others. The m!'Z and | cos 6| provide the
highest sensitivity and the most stringent constraints. The polar angles and the azimuthal angles
provide less strict constraints, but complementary information.

The reinterpretation could be significantly improved if several observables could be combined
to obtain one result in a statistically consistent manner. One way that the field is trying to do this
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currently is to use multivariate boosted decision trees or Neural Network (NN) implementations.
An investigation into the feasibility of using a Neural Network implementation was conducted by
the author of this thesis using the MLAEFT framework [134]. In this approach, each observable is
provided as a feature to the NN input, where it is weighted based on its sensitivity as determined
during the NN training process. The challenge with this approach, as experienced during the
feasibility study, was teaching the NN about the scalability of the Wilson coefficient c i.e. the NN
is trained at a particular value of ¢ but then has to infer the value of ¢ of a new data sample, which
would need an interpolation or an extrapolation from its trained value. Self-consistency studies
showed bias with this method and so it was not further pursued. However, the EFT community
strongly believes in the potential of this approach of solving the multivariate problem, and it is
actively being pursued.

Stringent limits are set on the most sensitive operators, cHj3 and cW. This thesis presents a
strong first individual analysis measurement for the cHj3 parameter on the 11 Z leptonic channel,
with no complementary information on this parameter by CMS yet. The limits are complemented
closely by the global combination limits [126], that use several data samples from different
experiments. This result also presents strong limits on cW, comparable to that reported by CMS
for the same channel. Limits for these two parameters would be especially critical for more
stringent global combination limits.

Another limiting factor is the data sample size obtained from the detector itself. Since BSM
processes observable at the LHC are extremely rare - due to their weak coupling to the Standard
Model, or the very high masses of the new particles involved— a larger amount of data would
increase sensitivity to statistically rare processes, thereby greatly informing the EFT fit results.
The upgrade of the LHC to the High-Luminosity LHC will try to address this problem: a higher
luminosity is projected to reduce the total uncertainty of several coupling modifiers (x parame-
ters) [135], which collectively quantify Beyond the Standard Model (BSM) physics. The higher
luminosity requires an upgrade to the current detector systems to be able to handle and process
the new event rate. Appendix G documents work developed for the Liquid Argon sub-detector,
where a tool that acts as a test-bench to the LAr Processor was developed. Further, integration
efforts of combining and interfacing with several different LAr upgrade boards are shown in
Appendix G.

The larger statistics of rare physics processes collected during the LHC’s Run-3 and HL-LHC
programs, coupled with machine learning techniques that enable multivariate observables and
the simultaneous fitting of multiple Wilson coefficients in n-dimensional parameter spaces, will
significantly improve the constraints on Beyond the Standard Model (BSM) physics measured in
this thesis.
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APPENDIX A

Effective Field Theories in Action - An

example

A.1 Fermi-theory

A classical example of Effective Field Theories in action is the Fermi theory describing - decay
[34]. At the time it was proposed in 1934, Fermi had no prior knowledge of the W Boson, which
mediates this interaction.

Considering a smaller subset of Fermi theory and looking at the muon decay process in the
SM, the Feynman diagram for this is shown in Figure A.1 .

Figure A.1: SM Feynman diagram for muon decay

The muon decay amplitude is then:

koko

1 Jao = 72 1
—iM = %u(kw)iwu - 75)u(ku)} T [%u(ke)§7”(1 k)| - (A1)

In the physical processes, assuming that the electron and neutrinos are massless, the magnitude

of the exchanged 4-momentum is limited by the mass of the muon: 0 < k* < m_.
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This would mean that k? is much smaller than m3, and the propagator can be written in an
expansion of orders of mass as

. ko k
1900 — ,,320 |k|2<m, 19 k2 k4
— W W, 9 (1 — 4 —— A.2
e, m%v(+m%v+m€v+ : (A.2)
2
. B e I 1
= i = I (000,770 =Dl g [0 1770 = 00)] 40 () A
w w

This is the same matrix element as that produced by a four-point interaction Lagrangian, which
can be written as the Feynman diagram drawn below:

H Vi

e Ve
Figure A.2: Four point interaction Feynman diagram for muon decay, valid for when |k|? < m},.

In this low energy limit, Equation A.3 shows that it is possible to construct an Effective theory
where the W boson is absent. The Lagrangian for this theory simply needs to include the muon,
electron and neutrino fields, and their interaction term.

C
Lgpr = F(Dﬂpﬂ)(éﬁp%) ; (A.4)

where in this construction A? is the expansion scale and c is a factor called the Wilson coefficient.

A=my, c= (A.5)

The effect of the 1 exchange has now been included in the four-fermion operators; with the
heavier W boson being “integrated out”.

The effective Lagrangian adequately describes all processes including the muons, electrons
and the neutrinos, in the strict regime that the energy scale is below A = myy.

It should also be noted that the Effective Lagrangian is not renormalizable, which means that
it needs to break down at a new energy scale. And indeed, the Effective Lagrangian does not
describe muon decay at energy scales close to myy .
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Dimension-6 operators (in the Warsaw Basis)

)

X0 V2 XH (RR)(RR)
Qo | f"GrGh,Gh | Q| Loe,VHW), | Qu | (Eue)(Ente)
Qo | f™Gwa,Gh, | Q| (o"e)HBu | Quu | (W) (@7 u)
Qw | MWW W | Que| (@o" T u)HGS, | Qua | (dyyudy)(dey’dy)
Quw | WEWLWE | Quv| (G0 u)HW), | Qe | (Epyuer) (@ ur)

HE Qus| (G0 uw)HBu | Qu | (Eyyuer)(dey dy)
@ (HTH)? Quc | (@ T4 Gy, | QL) | (yu,)(dn*dy)

H*D? Qaw| (G0 d)HW;, | Q%) | (wmTou)(d*T*d
Quo| H'H)OH'H) | Qup| (o d,)HB,,
Qup| (D'"H'D,H)(H'H)

X2H? Y2H?D (LL)(RR)
Que|  HUHGLG™ | QW | (HDH)GA) | Qu | (pyls)Erer)
Que|  HIHGE, G o)) (H*iBiH)(I;TIA,“Z,) Qu | Lyule) (@ w)
Quw| HTHWL W Que (HTi[H),LH) (epr*er) | Qu Gyuls) (dsydy)
Qua  HEWLW | QW | (HUD )G | Qu | (@ma)(ene)
Qus| HHB,B" | Q% (HYD, ) @) Q| (@) ()
Qua|  HHBWLB™ | Quu| (HUDH) @ ) | Q% | @110 (@7 Ty
Quws Ho'HWLB™ | Qua| (HUD,H)(dn d) | QW | (Gvua)(doridy)
Quils HIoTHWLB | Qg i(H'D,H)(i7"d,) | Q%) | (G7,T7¢,) (deyTdy

L2 H? (LL)(LL) (LR)(LR), (LR)(LR)
Qenr (H'H)(lye. H) Qu (L) (L™l Qlega (Ber)(dsq))
Quu| HH)Gud) | QW | (@)@ a) | Qud (@u)en(dd)
Qur | (HH)(Gd:H) | Q% | (@m'a)) @y 'ar) | QYend (@T°w)eju(q5 T dy)

QW | ) @) | Q| Been(diu)
QY | 1)@ r'ar) | Q| (Lower)ejn(@or u)

Table B.1: £(% baryon number-conserving operators in the Warsaw basis. Taken from [40].
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APPENDIX C

Likelihood scans for 1D fits

In this appendix, the profile likelihood ratio test statistic defined in Equation 6.15, is shown as a
function of varying the EFT parameter.

Both measured and expected (Asimov) scans are shown for all parameters of interest. The
likelihood ratios at 1o and 20 which form the 68% and 95% ClI, respectively are also shown. The
interpretation of these scans results in the limits presented in Section 8.1.1.
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C.1 Observable: gy costyy,
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Figure C.1: Profile likelihood scans for EFT parameters using the cos 03y, distribution.
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Observable: ¢y cos 91*4@ (continued)
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Figure C.2: Profile likelihood scans for EFT parameters using the cos 0}, distribution (continued).
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C.2 Observable: cos67,
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Figure C.3: Profile likelihood scans for EFT parameters using the cos 07, distribution.
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Observable: cos 9*26 (continued)

O T T T T T 9 T T T

Vs =13TeV, 139" — Measured V5 =13TeV, 1391~ — \easured

8 cos 9*2[ — Expected 8 (305;02 — Expected
cHj1 cHj3

F Measured Expected 1 Medsured Expected

‘C\  Bekt fit: -0.66 (*14 Best fit: -0.00 (*34) [ 7 ‘C\  Best fit: 0.00'33) Best fit: -0.00 (¥32) [/

[ \95% CL: [-3.74, 1.68] 95% CL: [-4.70, 226]] ] [ 195% CL: [-1.28, 0R2] 95% CL: [-0.49, 0.29]// 1
3T . I ]
el z e z
N = - bl

I Y 5 U 1 T P T I n L
50 —45 —40 -35 -30 -25 -20 -15 -10 -05 00 05 —10 05 00

cHj1 cHj3
T T T

T I - T Y
15 20 25

Vs =13TeV, 139" — Measured Vs =13TeV, 139" — Measured
cos Q*Z[ —— Expected cos 0y, —— Expected
cW cll122

Measured Expected
Bagt fit: -0.26 (*32) Best fit: 0.00 (+38)
9% % KL: [-1.36, 0.84] 95% CL: [-1.10/1.10]

Measured Expected
Bdst fit: -0.03 (*34) Best fit: -0.00 (*$:
95%\CL: [-0.73, 0.63] 95% CL: [-0.95, .81

—

)
1
B

1

3

Aln
e N 3D
o b b S e b b S

ITEENENE ATEENATIN EVRTAANS TATAETE AYARTAE SR

L HJ}‘HMH‘\ (0 A N I

|
“10 05 0.0 05 B 05 0.0 05 0 15

cW cl1122

Figure C.4: Profile likelihood scans for EFT parameters using the cos 07, distribution (continued).
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C.3 Observable:

cos Oy/|
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Figure C.5: Profile likelihood scans for EFT parameters using the | cos 0y | distribution.
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Observable: | cos 6y/| (continued)
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Figure C.6: Profile likelihood scans for EFT parameters using the | cos 6| distribution (contin-
ued).



170

C.4 Observable: m)'#
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Figure C.7: Profile likelihood scans for EFT parameters using the m¥# distribution.
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Observable: m)}'# (continued)
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Figure C.8: Profile likelihood scans for EFT parameters using the m)'Z distribution (continued).
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Figure C.9: Profile likelihood scans for EFT parameters using the oy, distribution.
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Figure C.11: Profile likelihood scans for EFT parameters using the ¢, distribution.
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Figure C.12: Profile likelihood scans for EFT parameters using the ¢7; distribution (continued).
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APPENDIX D

Expected (Asimov) and Measured likelihood
scans for 2D fits

The figures in this appendix present the 2D profile likelihood ratio test statistic for both the Asi-
mov dataset, where the measured data is replaced by the Gaussian mean values derived from
Monte Carlo Standard Model predictions, and the actual measured data. This comparison pro-
vides the expected results and highlights key features, particularly the structure of the likelihood
surface from the fits. The fits using the measured data (as shown in Chapter 8.1.2) are displayed
on the left side of each page, while the expected fits using the Asimov samples/values appear on
the right. By comparing the two plots within the same panel, one can assess how the measured
data influences the profile likelihood across the parameter space.
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APPENDIX E

Pull plots for measured and expected fits

A pull plot is a diagnostic tool used to evaluate the behaviour of nuisance parameters. The pull
plot provides insight into whether these parameters behave as expected and helps identify biases
or systematic deviations in the fit.
Mathematically, the pull of a nuisance parameter 6, is defined as:
éi _ 9?ominal
p="""Tr (E.1)
0;

where:

* 0, is the best-fit value of the nuisance parameter obtained from the fit.

o grominal jg the expected or prior value of the parameter (e.g., from theoretical predictions
or external constraints).

* 0, is the estimated uncertainty (standard deviation) of 6}, obtained from the fit’s covariance
matrix.

A pull plot displays the values of P, for multiple nuisance parameters. Ideally, the pull values
should be centred around zero with a standard deviation of one.

Pull plots for a selection of 1D and 2D fits are presented in this Appendix. Plots that show a
larger pull on the nuisance parameters are presented.

The following nuisance parameters are used in all fits, and further information on them can
be found in Section 6.4:

* The PDF uncertainty called diboson_pdf
* The QCD scale uncertainty called wz_scale

* The EWK correction uncertainty called wz_ew_correction

Additionally, if the EFT MC prediction has small sample size in a particular bin, i.e. the relative

error on that bin is > 20%, then another nuisance parameter mcstat_* is added for that bin.
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Figure E.1: Pull plots of 1D fits for cHWB using the cos 03y, observable. Both Expected pulls (upper
panel) and Measured pulls (lower panel) are shown.
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Figure E.2: Pull plots of 1D fits for cH1111 using the cos 6% observable. Both Expected pulls
(upper panel) and Measured pulls (lower panel) are shown.
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Figure E.3: Pull plots of 1D fits for cHj3 using the | cos 0y | observable. Both Expected pulls (upper
panel) and Measured pulls (lower panel) are shown.
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Figure E.4: Pull plots of 1D fits for cHj3 using the m}'# observable. Both Expected pulls (upper
panel) and Measured pulls (lower panel) are shown.
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Figure E.5: Pull plots of 1D fits for cW using the mVZ observable. Both Expected pulls (upper
panel) and Measured pulls (lower panel) are shown.
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Figure E.6: Pull plots of 1D fits for cHj3 using the ¢y, observable. Both Expected pulls (upper
panel) and Measured pulls (lower panel) are shown.
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Figure E.7: Pull plots of 1D fits for cHWB using the ¢7, observable. Both Expected pulls (upper
panel) and Measured pulls (lower panel) are shown.
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Figure E.9: Pull plots of 2D fits for cHj3 = cl11221 using the cos 07, observable. Both Expected
pulls (upper panel) and Measured pulls (lower panel) are shown.
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Figure E.10: Pull plots of 2D fits for cHj3 z= cl11221 using the | cos 6y| observable. Both Ex-
pected pulls (upper panel) and Measured pulls (lower panel) are shown.
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APPENDIX F

Validation of only EFT terms: 0+1j vs
SMEFTatNLO

In Chapter 7.4.2, the distributions for each observable of interest were compared for the 0+1j
SMEFTsim 3.0 LO generation to the state-of-the-art SMEFTatNLO generation. These comparisons
included the SM + EFT prediction for both the generated samples.

EFT predictions alone can also be compared, as presented in this Appendix. Because SMEFTatNLO
does not use the decomposition method (see Section 6.1.1), the EFT predictions are obtained by
subtracting a pure SMEFTatNLO SM sample from the SMEFTatNLO full production. Through this,
a reasonable estimation of how EFT predictions compare between the two models can be made.

The SMEFTatNLO data sample is privately generated and therefore statistically limited. The
subtraction operation increases the statistical uncertainty in the SMEFTatNLO prediction.

The figures compare the differential distributions of the observables of interest for the parame-
ters for cHDD (Figure F.1), cH1111 (Figure F.2), cH1122 (Figure F.3), cH1311 (Figure F.4), cH1322
(Figure F.5), cHj3 (Figure F.6), cHWB (Figure F.7), c111221 (Figure F.8), and cW (Figure F.9)
respectively.

Despite the statistical limitation, it can be noted that both the simulations have significant
overlap and agreement in shape for their EFT predictions, despite being generated at different
orders in QCD and using different models. This further validates the use of the 0+1j sample for
the EFT terms as highlighted in 7.4.2.
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Figure F.2: Comparison of the differential
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with

distributions of the observables of interest for
cH1111=1. Only the linear + quadratic EFT con-
tribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.
All uncertainty bands are statistical.
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Figure F.3: Comparison of the

differential distributions of the observables of interest for

SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cH1122=1. Only the linear + quadratic EFT con-
tribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.

All uncertainty bands are statistical.
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Figure F.4: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cH1311=1. Only the linear + quadratic EFT con-
tribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.
All uncertainty bands are statistical.



208

W*Z — Cvll fid. cross section as a function of gy cos (6}, )

W*Z — (vl¢ fid. cross section as a function of cos(67,)

Figure F.5:

_o0b — SMEFT@NLO, EFT only: cH1322 ] —— SMEFT@NLO, EFT only: cH1322
—— 0+1j, EFT only: cH1322 —15F —— 0+1j, EFT only: cH1322
_ 22
Q —_
s . | & 2
S ~
z 26 1 2 sl ]
8 8 h—_
2
5 28 { g
~ E -s0p §
=
g %0 1 5
&
_aaf 1 -35F .
34l ]
—40F )
9 1w ~075 ~050 ~025 0.00 025 050 075 w S 1o —075 ~050 ~025 0.00 025 050 075 1.00
Z 4
® 11 ®
e 150 1.30
SN 97- =) g
0.96 a 1.17
e men [T R g [uo nos
=09 {1 = U85 Soad
+ + 0.73
S s =
£ “100 ~0.75 ~0.50 ~0.25 0.00 025 050 075 100 S —1.00 ~0.75 ~0.50 ~0.25 0.00 0.25 0.50 0.75 1.00
sl <
& qw cos (6, ) 4 cos(67,)
W*Z — (vl fid. cross section as a function of ¢}y, W*Z — (vll fid. cross section as a function of ¢
—— SMEFT@NLO, EFT only: cH1322
ek — 0+1j EFT only: cH1322 . 05t ]
—06F ]
2 08t 1 & -07f
xZ N
08F
5 < —
>~ 1o L
§S E}s —09F ]
5| <
~10F ]
~11f ]
—— SMEFT@NLO, EFT only: cH1322
—14f 4 —12F —— 0+1j, EFT only: cH1322 1
9 5 5 -1 0 2 3 S 5 1 0 1 2 3
Z 4
® 150F ] © 14f ]
& 15 25 @12 112 1.15
254 g 2k 1.09 L 2 1
% o—Z 0.99 % . 0.99
= 0.85 0.85 = 0.84 Wl [[086 086 g 087
7 0.76 08 -
S 075k ] E 1O T
£ I3 ) 0 0 2 3 e 5 5 ) 0 1 2 3
I ¥ 5] *
~ P, ~ ¢z,
W*Z — (vl¢ fid. cross section as a function of | cos(6y)| W*Z — (v(l fid. cross section as a function of m}'*
000
-25 ﬁ 1
—0.01F ]
50}
5 2 omb ]
= s} ] ¢ ~0.02
S £
z —0.03| 1
é —10.0 1 ESI_
N g
~ L 1 —0.04 ]
g 125 g\
5 S
< _150b 1 < —005p 1
—— SMEFT@NLO, EFT only: cH1322 006k —— SMEFT@NLO, EFT only: cH1322 |
“175F —— 0+1j, EFT only: cH1322 1 ’ —— 0+1j, EFT only: cH1322
9 oo 02 04 06 08 w0 9 0 200 400 600 500 1000
§ §
® © 200f ]
12} ] &
5| 111 5|
S S 0.82  0.810490.940.95 1.46 1.06 0.70 | 16.15 0.77 3.95
3 10 1.00 6:95 ) 0
= [ oss 08  — =
+ +
S osf ] & —200f .
% 0.0 02 04 06 08 10 £ 0 200 400 600 500 1000
54 .
~ | cos(6v)| ~ m¥Z [GeV]

Comparison of the differential distributions of the observables of interest for

SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cH1322=1. Only the linear + quadratic EFT con-
tribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.
All uncertainty bands are statistical.
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Figure F.6: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cHj3=1. Only the linear + quadratic EFT con-
tribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.
All uncertainty bands are statistical.
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Figure F.7: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cHWB=1. Only the linear + quadratic EFT con-
tribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.
All uncertainty bands are statistical.
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Figure F.8: Comparison of the differential distributions of the observables of interest for

SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cl11221=1.

Only the linear + quadratic EFT

contribution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTsim

LO. All uncertainty bands are statistical.



212

W*Z — (vl fid. cross section as a function of qyy cos(6}y,)

W*Z — (vll fid. cross section as a function of cos (6} )

sol —— SMEFT@NLO, EFT only: ci ] 50F ]
—— 0+1j, EFT only: cW
usF 1 45k ]
g —
= z
. = 40 ]
= 40 ] 3
< =
S g asf ]
g 35 1 <
N >
N T sof
- g
= [ 1 g
S 30 3
< 25F
25F 8 —— SMEFT@NLO, EFT only: cW
20r —— 0+1j, EFT only: cW ]
9 1o 075 050 025 0.00 025 050 075 w3 1o 075 050 025 0.00 025 050 075 1.00
Z Z
© 16F B ® 20F q
= =
B ol 141 137 1 & 0 —
= 1.24 1.25 = 1sf £9
1] @* 1.31
=12 4 = 111 1.22
7 1.02 7 1,00 | k07|
S 10 & 10
£ —1.00 —075 050 025 0.00 025 050 075 100 -2 100 —07s 050 025 0.00 025 050 075 1.00
< ] %
4 qaw cos(G‘j\,&) 4 cos(67,)
W*Z — (v(l fid. cross section as a function of ¢}, W*Z — (vl fid. cross section as a function of ¢7,
20F = 18F <
187 ] 16F 1
_ 16f 1
2 g 14f 1
= e
& 14t 4 N
< < 1o i
=12 1 e
g S
3 < ok
10f 1
—— SMEFT@NLO, EFT only: cW 08 —— SMEFT@NLO, EFT only: cW
08r —— 0+1j, EFT only: cW ] —— 0+1j, EFT only: cW
9 5 2 S 0 1 2 3 e I 2 1 0 1 2 3
Z Z
9 T 9 25
& - 66 5 20F 1.86 2402 ]
15F ]
P 132 & 15t 1:31 1.37 i
g 113 = 111 1.09 zif
E 10 Q.95 088 E 1.0 =093 0.96 _——— 0-86--1
5 : : : r . r r 5 : : : . r r r
£ -3 -2 -1 0 1 2 3 £ -3 -2 -1 0 1 2 3
I " ] *
~ Pw, &~ ¢z,
W*Z — (vl fid. cross section as a function of | cos(6y)| W*Z — vl¢ fid. cross section as a function of m}'?
125 —— SMEFT@NLO, EFT only: cW ] —— SMEFT@NLO, EFT only: cW
—— 0+1j, EFT only: cW —— 0+1j, EFT only: cW
10.0 1 0.03F ]
s 1%
= 75  — 8 ool )
— S~
< s0f ] £
@ - N
8 == oof 1
g s
< asf 12
2 3
2 oof 1 2 0.00 1
—25¢ —001f ]
o5k , , , , {5 , : , :
200 02 04 0.6 08 10 3 0 200 400 600 800 1000
Z Z
e e
a > 2000 ]
g w0p gldts 1 g 125 -1731809.3%.67 144 126 109 098 1.02 091
n wn
E 0.83 0.92 1.19 :,_
of 5]
z 278 T aoof ]
% 0.0 02 04 06 038 10 2 0 200 400 600 800 1000
< -
7 | cos(6y)| 4 m¥Z [GeV]

Figure F.9: Comparison of the differential distributions of the observables of interest for
SMEFTatNLO and 0+1j SMEFTsim 3.0 LO, with cW=1. Only the linear + quadratic EFT contri-
bution is shown. The ratio plot shows a bin-by-bin ratio between SMEFTatNLO and SMEFTs%m LO.
All uncertainty bands are statistical.
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APPENDIX G

The High-Luminosity LHC and the LAr
Upgrade project.

A series of dedicated upgrades is planned to make the transition from LHC to the High Luminos-
ity LHC (HL-LHC) [136]. The HL-LHC is planned to work at /s = 14 TeV and a peak luminosity
of L =7 x 10**ecm~2s~! (7 times the original LHC design) [136].

The motivation for this upgrade is to study very rare physics processes as well as improve
precision measurements, both of which would result in significant scope for new high-energy
physics findings.

The increase in luminosity, however, comes at the cost of increased pile-up. The HL-LHC will
experience up to 200 overlapping collisions per bunch crossing [136, 137]. In this environment,
distinguishing signal from noise becomes significantly more difficult. To address this, the ATLAS
trigger and data acquisition system is undergoing substantial upgrades to handle higher data
rates and improve event selection capabilities. For example, the Liquid Argon Calorimeter sys-
tem, which was upgraded in Phase-I to provide higher-granularity inputs to the Level-1 trigger,
will be further enhanced in Phase-II to allow full calorimeter data to be digitised and transmitted
at 40 MHz. This ensures that detailed calorimeter information can be made available quickly
enough to contribute to real-time trigger decisions, as well as for offline analysis.

G.1 LAr Phase-II Upgrade and LASP

The LAr calorimeter cells themselves are not going to be upgraded. The way the information
from these cells is relayed and processed is however going to be upgraded [137]. In this respect,
the LAr upgrade only affects the readout electronics. Both the On-detector and Off-detector
electronics are to be upgraded. Figure G.1 shows a schematic of the LAr electronics after the
Phase-II upgrade.
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Figure G.1: Schematic block diagram of the LAr calorimeter readout architecture for the Phase-II
upgrade. Diagram taken from [137].

On-detector electronics

Each FEB2 board reads signals from 128 calorimeter cells, and 1524 boards are needed for the
entire LAr system. These signals are received through two connectors, each handling 64 signals.

Signal processing on the FEB2 involves pre-amplification, splitting into two gain scales, and
shaping with an ASIC. The shaping time is adjustable to manage increased pileup at the HL-LHC.
The processed signals are digitised by 14-bit ADCs for four channels in both gain scales, with
a resolution such that the value corresponding to the least significant bit is smaller than the
intrinsic noise of a typical LAr cell.

Operating at 40 MHz and synchronised with the LHC clock, the ADCs provide Bunch Crossing
Identification (BCID) for synchronisation, resetting counters each orbit. The ADCs output 14-bit
signals formatted into 16-bit words with BCID, transmitting serially at 640 Mbps.
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Serializer chips then take these outputs and serialize them into a 10.24 Gbps bit-stream using
IpGBT chips [138], which support two-way communication with fixed latency and error recovery.
Each IpGBT chip has 14 input channels, with a setup where 2 IpGBT chips handle 3 ADC chips,
leading to 22 1pGBT chips per FEB2 board.

Finally, the serialised data is converted from electrical to optical signals using Versatile Link+
(VL+) for transmission to off-detector parts.

A new calibration board system is also present which injects a known calorimeter pulse to
calibrate the readout electronic chain. Two custom ASICs, one which creates this pulse and
another which acts as a 16-bit Digital-to-Analogue converter (DAC), are used for this system.

Off-detector Electronics

The off-detector electronics include a new Liquid Argon Timing system (LATS), which will dis-
tribute the Trigger, Timing, and Control (TTC) signals to On-detector electronics.

The other major component of the Off-detector electronics is the Liquid Argon Signal Proces-
sor (LASP). The LASP receives data from ADCs from up to 6 FEB2s and applies digital filtering,
calculates energy and time for each LHC bunch crossing (40 MHz), and transmits these values
to trigger and DAQ.

The LASP units demand high input and output bandwidth along with flexible programming
capabilities for data handling, digital filtering, and data reduction algorithms. Since many algo-
rithms will be refined and optimised based on operational knowledge gained once the HL-LHC
is running, the LASP is designed with Field Programmable Gate Arrays (FPGAs) as the main
processing units. This technology provides the necessary flexibility to reprogram the hardware
as needed.

G.2 The Injector Project

The LASP will not receive any input until the Phase II upgrade is fully integrated and com-
pleted. This lack of input poses a problem for the development cycle of the LASP, as it prevents
verification of the proper functionality of individual LASP modules.

To address this, an Injector project provides FEB2-like data to the LASP, in the IpGBT proto-
col. From the LASP point-of-view, the data being received is exactly as it would be in HL-LHC
operation. This provides an opportunity to test the LASP, and the firmware algorithms as it is
being developed.

The Injector project is designed on an Intel Stratix 10 GX FPGA Development kit (devkit)
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board, which uses technology similar to that for the LASP. The architecture for the project is
broken down into four different sub-modules: data injection, data storage, and data retrieval
and data transmission.

The injector employs Gigabit Ethernet (GbE) technology and can communicate with any de-
vice on a shared network. User-defined FEB2 formatted data is sent from a computer to the
Injector FPGA via the GbE network. Once received, the Injector strips the extraneous Ethernet
frame data and stores the ADC data in an external 2 GB memory storage device. Upon filling the
2 GB storage limit, or upon user-trigger, the Injector then retrieves the ADC data, and formats
it in an IpGBT payload. This is then sent out of the Injector at the IpGBT speeds of 10.24 Gbps,
emulating what a FEB2 would do. Figure G.2 is a schematic of how the project operates. Full
details on the Injector project have been described in [139].

The Injector project described in [139] suffered from an extremely slow Ethernet throughput
of 2.7 MBps. Improvements were made that allowed the Injector to harness the full potential of
the Gigabit Ethernet technology:

* Removal of the NIOS-II system. The GbE IP is now instantiated in logic.

e Removal of TCP/IP protocol to UDP. TCP/IP protocol was implemented in software on a
NIOS-II soft core. Removal of the NIOS-II system meant that the TCP/IP protocol was
replaced by a UDP protocol, to accommodate a faster throughput, however at the expense
of a higher chance of data loss. Since the network systems for the Injector use-case are
relatively simple and usually peer-to-peer, data-loss is not an important factor.

The above changes have made the (“new”) Injector project achieve Ethernet throughput of
~ 980 Mbps.

The implementation of the Ethernet as done in the Injector was also transferred to the LASP
to improve its Ethernet functionality.

Another change to the Injector developed in [139], is that the Injector can now emulate all 3
different FEB2 data link types, which provides a more complete testbench for the LASP. Further,
the injector now can send unique data on all channels, replicating real-life FEB2 behaviour.

Software changes to the Injector provide a lot of flexibility to the user in terms of the data
they wish to send. The injector implements pre-defined data that can be used for quick sanity
checks, as well as custom-defined data that can be used to test a whole variety of edge-cases.
The injector software component also allows the user to either automatically send the BCID in
the IpGBT payload or manually send one. The latter is helpful in diagnosing cases where the
BCID may be incorrectly transmitted to the LASP.
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Figure G.2: Schematic diagram of the Injector project and the flow of data. Block diagrams
indicate distinct components in Firmware logic. The maroon dotted border includes the components
involved in data injection and data storage, while the red dotted border includes the components for
data retrieval and transmission

G.3 Integration efforts at CERN

The LHC program foresees Run-3 to end in mid 2026, which will then be followed by the Long
Shutdown 3 (LS3), from 2026-2028. During LS3, the detector will be upgraded to accommodate
the HL-LHC environment. HL-LHC is planned to start data-taking in 2030.

Many of the components required for the LAr upgrade are designed, manufactured and tested
in different laboratories worldwide. The LAr collaboration has created a facility test bench where
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Electronic prototypes of different components are made to communicate and interface with each
other, as they would in HL-LHC, to assist in the final integration process.

Integration efforts at the Electronics Maintenance Facility (EMF) at Point 1 at CERN have
started.

To begin, two development kits with an Intel Stratix 10 FPGA were assembled at CERN to
test the optical transmission from one FPGA to another at the IpGBT speeds. One FPGA was
programmed with the injector and the other was programmed with the developmental LASP
firmware. The injector transmitted data on 4 channels, which was then extended to 6 channels
using a custom-made plug-in board. Figure G.3 illustrates this.

Figure G.3: 2 Intel Stratix 10 FPGA development kits connected together via fiber optic cables.
One devkit acts as an Injector of FEB2 data while the other acts as a LASP.

The LASP prototype was then also made available, which enabled testing and programming
firmware directly on the board. The LASP prototype board contains 3 FPGAs: 1 Intel Stratix 10
SX FPGA, 1 Intel Stratix 10 MX FPGA and 1 Intel MAX 10 FPGA. The first 2 FPGAs are similar
except for an increased memory storage capacity in the MX. They were used to see which would
be a better choice for the LASP. The Intel MAX 10 FPGA is used for board control and monitoring.
Figure G.4 shows the structure of the very dense LASP prototype board, with a few of its key
components highlighted. Testing and validation of major components on the LASP board was
also done at the EMF.
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Figure G.4: The LASP prototype board at the EMF, showing the Stratix 10 FPGAs as well as
the MAX 10 FPGA for board control. Fireflies are the high-speed optical transceivers used for data
communication to and from the board. The CERN IPMC is a custom card that allows for the
communication of critical data with the outside world. The board is being plugged into an ATCA-
type crate, where it is continuously cooled.

A big advantage to the setup at CERN was the presence of a dedicated TTC (Trigger, Timing,
and Control) signal, which is missing in the laboratories where components are manufactured.
The TTC plays a key role as it is the signal that is synchronised with the LHC clock. All cor-
responding downstream electronic entities that are synchronous to the LHC clock rely on this
signal. One such entity is the LASP. For LAr, the LATS board will receive the LHC signal and trans-
mit the TTC to the LASP and the FEB2. This ensures that both the On-detector and Off-detector
components are operating synchronously with each other.

At the EMF, a dedicated TTC signal is obtained and transferred via a FELIX to the LASP board
and the Injector (mimicking FEB2). The FELIX also acts as a Data Acquisition (DAQ) machine,
which can receive data after it is processed in the LASP.

Due to the availability of several FELIXs, a rigorous test was made to see if the LASP can
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correctly function if provided a different TTC stream than that provided to the Injector. In this
case, both the Injector and the LASP must recover the LHC clock from the TTC stream, and
derive a clock synchronous to the recovered LHC clock for their operation. Such functionality is
developed for both the Injector and the LASP firmware. Reduced firmware on the LASP has also
been developed such that it could decode the data from an incoming IpGBT frame, and transmit
it to another FELIX which acts as a DAQ. The full schema is shown in Figure G.5.

Global ATLAS Local Trigger

Interface (ALTI)

JV Y
FELIX-
FELIX-FEB2 LASP_TTC

Y

FEB2/INJECTOR > LASP |::> FELIX-DAQ

Figure G.5: Schematic diagram showing the integration of different components at the EMF.
Data being sent from the FEB2/Injector is then received and manipulated in the LASP, after which
the useful ADC data is sent to the DAQ. All the FELIX receive a central global TTC signal. The
FEB2/Injector and the LASP derive its clock from this TTC signal.

The full plan illustrated in Figure G.5 was successfully executed in the EMF at CERN [140].
Custom data sent to the Injector was verified to exactly match the output of the LASP at the
FELIX-DAQ, thus providing a full pathway demonstration with the components that had cur-
rently been manufactured. The system breaks down upon cutting one TTC pathway, as expected,
proving that all the clocks are centrally connected.

The EMF has since acquired a prototype version of the FEB2 as well as a prototype version
of the LATS. The FEB2 replaces the need for the Injector and the LATS replaces the need for the
TTC transmitting FELIXs. The Injector still plays a critical role in providing custom data to the
LASP and the possibility to test for various edge cases as this functionality is limited in the FEB2.
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