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ABSTRACT

The discovery of the Higgs boson in 2012 became the last missing piece to
complete the puzzle of the Standard Model. While able to withstand an extensive
array of precision tests, the model is still unable to explain some crucial observed
phenomena in the universe, such as dark matter, gravity, and baryon asymmetry.
Various theories that extend the Standard Model while seeking to answer some of
these questions have been proposed; among these is the Standard Model Effective
Field Theory (SMEFT), that assumes the Standard Model to be an effective theory
only applicable up to energies not exceeding a certain scale. This theory includes
six-dimensional terms in the Lagrangian, which would affect various SM processes.
The ATLAS experiment at the Large Hadron Collider was constructed to seek
signs of physics beyond the Standard Model, using the data from high energy
proton-proton collisions. The extra terms proposed by SMEFT would affect
various processes observed in the Standard Model, resulting in small differences
in kinematic and angular observables, and those differences could be measured in
the events produced at ATLAS. In particular, this dissertation focuses on a set of
terms that would affect the electro-weak sector of the SM, and aims to make use
of angular distributions to better observe the effects on the spin and polarization
of the particles. New physics is not observed, and limits are set for the values
of the relevant SMEFT parameters, which were found to be consistent with SM
values.
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PREFACE

After I received my MSc. in Physics in Chile in 2018, I moved to Canada to start
this PhD. I knew that I wanted my research to focus on something that would help
us understand better the Standard Model and its limitations, so that’s how with
the help of my supervisors we settled on an analysis of the triple gauge coupling
WWZ decaying into leptons, in the context of the 6-dimensional effective field
theory for weak boson pair production, also called EWdim6. This is considered to
be a somewhat niche model, and after about a year of working with it, it became
clear that if we wanted to be able to collaborate with other groups and compare
results, we would have to switch to the more popular model called "SMEFT". This
expanded the scope of the research from 5 parameters to over 20, but we ended up
bringing it down to a more manageable 12 parameters. Also during this time most
of my simulated samples were being generated using a reweighting method, which
had started to show some problems related to the extrapolation of the samples, so
we switched to the so-called decomposition method, explained in chapter 4. In
2020 I moved to CERN to help with the integration and commissioning of the
ATLAS New Small Wheel. This served as a continuation of the work I did during
my MSc in the production and testing of the Chilean QS1 modules for the New
Small Wheel. In that same year, just a few months after I had moved, the COVID
pandemic broke out in the world, which shut down work and travel in most places.
While this slowed down most types of work, the commissioning of the NSW took
this as a blessing in disguise, since the project was already late at that point, so
this came as an opportunity to catch up while other types of work were stopped.
So for most of the pandemic, I worked mostly on the commissioning of wheels
A and C, by connecting hundreds of fiber cables, running pulser tests, and even
learning how to operate a cherry-picker crane. During my last few months at
CERN I worked inside the ATLAS cavern, helping with the integration of both
wheels into the ATLAS detector. In the 2 years I lived in Europe most of my time
was dedicated to working on the NSW project, which unfortunately slowed down
a bit the progress of my own research, so after I moved back to Canada in 2022
I dedicated 100% of my time to work on this dissertation. This included some
aspects that would end up being abandoned, but that still taught me a lot, such as
trying to program my own reconstruction framework, using Legendre polynomials
to perform the fits, attempting to use the decomposition method alongside NLO
production of SMEFT samples, among others.
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1 Introduction

The Standard Model of particle physics describes all the known particles of the
universe and their interactions. Developed throughout the second half of the 20th
century, it was slowly expanded to include more phenomena as science progressed,
and by the 1970s it had taken its current mathematical form. It would still take
decades to discover all the particles predicted by it, ending with the discovery
of the Higgs boson in 2012. As it stands, most aspects of the model have been
confirmed using high-energy particle accelerators, and while it manages to explain
a multitude of phenomena, it still falls short of being a theory of everything. Most
notably, gravity, one of the four fundamental forces in the universe, is unaccounted
for. In addition to that, there are many other unanswered problems that the model
does not address, like the asymmetry of matter and antimatter in the universe, dark
energy and dark matter, and the nature of the mass of neutrinos, just to name a few.
In an effort to answer these problems, physicists have come up with a multitude of
theories that expand on the Standard Model, keeping what works, but adding new
mechanisms, particles, interactions, or dimensions, in order to solve the existing
issues and to hopefully end up with a real theory of everything. These new theories
are then tested against the data collected from various experiments around the
world, and then they are adjusted or discarded depending on the results.

This dissertation focuses on one such model, the Standard Model Effective
Field Theory, or SMEFT, and in an estimate of some of the parameters of the model
based on data from the ATLAS detector at the LHC. Chapter 2 will introduce
the theoretical framework of the study, where first the Standard Model, and all
the known particles and interactions are explored. Then SMEFT is introduced,
which does not explicitly add any new particles, but new interactions between the
existing SM particles. Special attention is given to the aspects of the model that
affect the WZ — {v{{ process, the main focus of this study.

Chapter 3 describes CERN, the Large Hadron Collider, and the ATLAS
Experiment, which are used to accelerate protons to speeds close to the speed of



light, collide them, and collect the data from the resulting events. This chapter
also describes in detail the subsystems of ATLAS and their functions, in addition
to a brief exploration of the phenomenology of proton-proton collisions.

Chapter 4 describes the various data and simulation samples used in the study.
The various stages of the the simulation are explained, going from the initial matrix
element calculation, to the parton shower, detector simulation, and reconstruction.
This chapter also introduces the so-called decomposition method, where the terms
of the SMEFT samples are simulated independently, to be then rescaled and
recombined to obtain new valid samples at various values of the corresponding
SMEFT parameters.

Chapter 5 describes how the data is processed, in what is called the object
and event selection. The different types of signals measured in the detectors are
reconstructed into objects depending on their characteristics, giving as a result an
approximation of what the event really looked like inside the detector. Afterwards,
selection cuts are applied to the reconstructed particles to preserve the events that
match the event of interest, and to discard events that might be background.

Chapter 6 describes the various sources of systematic uncertainties that affect
the data. Experimental uncertainties include the uncertainty in the measurements
of various particle types, as well as luminosity and pileup uncertainty. Theoretical
uncertainties come from the renormalization and factorization scales, the uncer-
tainties in the PDF modeling, and uncertainties in the value of physical constants
used in the analysis.

Chapter 7 goes into the statistical analysis used in the study. The statistical
model used to describe the data, and the likelihood function used to fit the data
to the model, are explained. Finally, a profile likelihood test is used to estimate
confidence intervals for the values of the SMEFT parameters based on the previous
fits.

Chapter 8 discusses the results obtained in the study. For each of the 12
SMEFT parameters studied, 4 fits are performed, using 4 different observables,
resulting in 4 best-fit values, each with their corresponding confidence intervals.

Chapter 9 concludes this dissertation, summarizing the results and discussing
the future of SMEFT studies at CERN.



2 Theoretical framework

2.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is the most widely accepted model
in the scientific community to explain the phenomena of the sub-atomic scale.
Developed during the second half of the 20th century, it describes three of the four
known fundamental forces, and it classifies all known elementary particles and
their interactions.

2.1.1 SM fields

All known matter in the universe is made up of particles. If one were to divide
matter into its smallest, most fundamental ingredients, we would reach what we
call elementary or fundamental particles. At this scale, conventional physics
breaks down, and particles can behave in non-intuitive ways, like appearing to be
in two places at the same time, or having their allowed energies quantized. The
theoretical framework commonly used to explain these and other phenomena is
Quantum Field Theory (QFT). In QFT’s, the fundamental objects are quantum
fields that permeate all space, and the particles are excitations of the corresponding
field (as such, we may sometimes refer to field and particle interchangeably). The
SM in particular, is a mixture of several QFTs. The fundamental fields of the SM
are classified into different types: fermions, gauge fields, and the Higgs boson,
and are summarized in Figure 2.1.

Fermions

Fermions are the particles that make up visible matter. Their defining characteristic
is that they have a spin of 1/2, and thus follow Fermi-Dirac statistics [2]. And



Standard Model of Elementary Particles
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Figure 2.1: The particles of the SM [1]

even though they are not shown in the figure, each fermion has an anti-particle
equivalent, usually denoted with a bar over their symbol (e.g., an anti-up quark
is i). They have the same mass and spin as the normal particles, but opposite
charges and helicity. The fermions can be subdivided further into two categories:
quarks and leptons.

Quarks Quarks are most commonly found in the nuclei of atoms. They have
color charge, weak isospin, and electromagnetic charge, meaning they feel all 3
fundamental forces described by the SM. They obey color-confinement, meaning



they can never be observed individually, and can only exist as a mixture forming
colorless objects, known as hadrons. Groups of two quarks (quark anti-quark
pair) are called mesons, such as pions or kaons, while groups of three quarks are
called baryons, like the proton and neutron. Groups or 4 or more are very rare and
unstable, and are only produced in extreme conditions. Quarks are divided into 3
generations, where the masses of the particles in each generation are a few orders
of magnitude larger than the masses of the previous one.

Quark \ Symbol \ Q \ T3 \ Mass
First generation
up u +2/3 | +1/2 2.16 +£ 0.04 MeV
down d -1/3 | -1/2 4.70 + 0.04 MeV

Second generation
charm c +2/3 | +1/2 | 1.2730 £ 0.0028 GeV
strange S -1/3 | -1/2 93.5 £ 0.5 MeV
Third generation

top +2/3 | +1/2 | 172.56 £ 0.31 GeV
bottom b -1/3 | -1/2 | 4.183 = 0.004 GeV

-

Table 2.1: Quarks and their corresponding symbol, charge (Q), isospin (73) and mass [3].

Leptons Unlike the quarks, the leptons do not have color charge, so they are not
confined to the nuclei of atoms. The are also divided into 3 generations, where
each generation has an electromagnetically charged lepton, and an associated
neutral one, called the neutrino. The charged leptons feel the electromagnetic
and the weak nuclear force, while the neutrinos interact only through the weak
force. This makes them very hard to measure, since they tend to pass through
matter completely unimpeded. Large tanks filled with water, heavy water or other
materials and lined with phototubes can be used to measure a tiny fraction of
them, even though on Earth, the neutrinos from the Sun flow at a rate of around
70 billion per cm? per second.



Lepton Symbol \ Q \ T; \ Mass
First generation
electron e -1 | -1/2 | 0.51099895000 + 0.00000000015 MeV
electron neutrino Ve 0| +1/2 <0.8eV
Second generation
muon U -1 -172 105.6583755 + 0.0000023 MeV
muon neutrino Vi 0| +1/2 < 0.19 MeV
Third generation
tau T -1 -1/2 1776.93 + 0.09 MeV
tau neutrino Vi 0| +1/2 < 18.2 MeV

Table 2.2: Leptons and their corresponding symbol, charge, isospin and mass [3].

Gauge fields

The gauge fields are the particles that mediate the forces of the SM. They are
a product of the symmetries of the SM: the symmetry group of the SM is
SU3)c x SU(2)r x U(1)y, which introduces 3 vector gauge fields:

* The G, field arises from the SU(3)c symmetry. The particles associated
with this field are called Gluons, and they are the mediators of the strong
nuclear force.

* The W, field arises from the SU(2); symmetry. This field however, is
not the physical field that is observed in nature, but it participates in the
Spontaneous Symmetry Breaking (SSB) of the SU(2) x U(1) symmetry
of the SM, which generates the fields that are actually responsible for the
remaining SM forces.

 The B, field arises from the U(1) symmetry. This field mixes with the W,
after SSB and generates the physical fields of the model.

For completeness’ sake, we will also introduce the physical fields that emerge after
SSB:

e The W; fields correspond to the charged particles that mediate the weak
nuclear force, and they are involved in weak charged current interactions,
such as neutrino absorption/emission, or quark flavor change.



e The ZB field is the neutral mediator of the weak force. Since it has no
charge, it only participates in weak neutral current interactions, which only
change spin, momentum or energy, but leave the other quantum numbers
(charge, flavor, baryon number, lepton number, etc) unchanged.

* The y, or photon, is a neutral, massless field, and the mediator of the
electromagnetic force.

Boson | Symbol | Q | T3 Mass
Gluon g 00 0
W W= | +1 | x1 | 80.3692 + 0.0133 GeV
Z A 0 | 0 [91.1880 +0.0020 GeV
Photon Y 00 <1x107%ev

Table 2.3: Bosons and their corresponding symbol, charge, isospin and mass [3].

Higgs field

The Higgs field (H) is the only elementary scalar field of the SM. It is a complex
doublet, with two charged and two neutral components. Its potential has non-zero
minima, which introduces a spontaneous symmetry breaking, turning the two
charged and one of the neutral components into Goldstone Bosons, which are then
absorbed by the W, fields, giving them mass. The remaining neutral component is
the only physical field that remains, and is commonly known as the Higgs Boson,
denoted by A.

Boson | Symbol | Q | T; Mass
Higgs h 0] 0 |125.20 +0.11 GeV

Table 2.4: Higgs boson and its corresponding symbol, charge, isospin and mass [3].

2.1.2 SM Lagrangian

Now that we know the fields of the SM, we can start to build the SM Lagrangian.
This Lagrangian will describe not only the kinematics of the particles, but also



the interactions between them. This is because each term in a Lagrangian is
associated with a process described by the theory. As an example, the Lagrangian
of Quantum Electrodynamics (QED) is:

1 - _ _
LoED = _ZF/JVFMV + ilﬁ?’ﬂaplﬁ - ez,by'“Aﬂw —myy (2.1)

Looking at the fields in each term can tell us a bit about what each term represents.
The first term is the kinetic term of the photon, while the second term is the
kinetic term of the electron. The third term on the other hand, is the coupling
of the photon and a positron-electron pair, while the last term is the mass term
of the electrons. The SM Lagrangian is more complicated, but it follows the
same principle: when fully expanded, each term will be associated with a particle
or process allowed by the SM. The following sections are roughly based on the
textbook "An Introduction to Quantum Field Theory”, by Peskin and Schroeder

[4].

Gauge Lagrangian

Let’s start with the gauge fields. For the SU(3)¢ group, we can define the field
strength G, as:

G4, = 0,G5 - 8,G% + gsf*"°GLGS (a=1,..,8) (2.2)
where f%°¢ are the group structure constants of SU(3), which satisfy:

[T¢,T"] = ifebere (2.3)

where T¢ are the generators of the group. In the SM, T“ = %, where 1¢ are

the Gell-Mann matrices. Similarly, we can define a field strength for the SU(2)
group:
Wi, = 0, Wi — 0,Wi + g™ W)Wy (a=1,2,3) (2.4)

where €4°¢ is the 3-dimensional Levi-civita symbol. And finally we define a field

strength for the U(1) group:

B,y = 8,B, — 8,B, (2.5)



With the field strengths we can construct the first term of the SM Lagrangian: a
kinetic term for the gauge fields:
_ 1 a uva 1 a uva 1 uv
LGauge = —7G G = WL W — 2B B (2.6)
While this term is usually treated as the kinetic term for the gauge fields, the
definitions of the strength tensors add extra terms for gauge self interaction in the
case of massive bosons and gluons, adding triple and quartic gauge couplings.

Fermion Lagrangian

In order to write terms for the fermions, we first must define the covariant
derivatives of their symmetry groups. Let’s start with the covariant derivative of
the SU(3) group:

DY = (8, - ig,GAT) 2.7)

Here, we once again have the T¢ generators of the group, the Gell-Mann matrices
(T% = %). Next, the covariant derivative of the SU(2) group:

D)Y® = (8, — igWiT?) (2.8)

Where this time the generators of the group 7¢ correspond to the Pauli matrices

_ ot

(T* = %-). Finally, the covariant derivative of the U(1) group is:
pY"M = (9, -ig'YB,) (2.9)

Where Y = Q — T3 is the hypercharge of the field.

Now that we know the covariant derivatives for the groups, we can construct
the total covariant derivative for each field type, depending on how that particle
transforms. We can start with the quarks, which transform under all 3 groups:
SU(3)xSU(2)xU(1). However, we must remember that the SM is a chiral theory:
any fermion field ¥ can be divided into its left and right handed components
(Y =y +yr), where Yy g = 1i275gb. These fields interact differently from each
other, and in the SM in particular, only left handed fermions couple to the W

bosons. This means that the total covariant derivative of the left handed quarks
will be:

DZL = (8, - igSGZT;UB) - igWﬁTgU(Z) - ig’YBH) (2.10)



Whereas the total covariant derivative of the right handed quarks is:
DZR = (O — igSGZTS“U(3) —ig'YB,) (2.11)
This leaves the quark term as:

Lowark = ) i0LY"DIFQr+ ) iiy" Difug + ) idry* Difdg  (2.12)

oL UR dr

Where we have paired the left handed quarks as a doublet Q; = (Z ) 1> leaving the
right handed quarks as singlets ug and dg, for reasons that will become apparent
later. When fully expanded, this term includes the kinetic term for the quarks,
as well as their couplings to the gluons, the W* and Z° fields, and to the photon.
Moving on to the leptons, we once again run into chirality. The left handed leptons
transform under SU(2) x U(1), which means that their total covariant derivative
1s:

Dyt = (8, — igWiT§y ) —i8'Y By) (2.13)
Whereas the total covariant derivative of the right handed leptons is simply:
Dr = (8, - ig'YB,) (2.14)

This leaves the lepton term as:

Liepion = Y iLLy*DiFLL+ ) ilky* Dk Ly (2.15)
LL ZR

Where we have paired the left handed leptons and neutrinos as a doublet Ly, = () I
leaving the right handed lepton as a singlet £z, similar to the quark case. When
fully expanded, this term includes the kinetic term for the leptons, as well as their
couplings to the W*, Z°, and to the photon.

Higgs Lagrangian and Spontaneous Symmetry Breaking

Let us write the Higgs part of the SM lagrangian:
Ly = (D,H)" (D"H) - V(H) (2.16)

Where H = (Z; ) is a complex scalar doublet, D, H is the covariant derivative of
the doublet under the SU(2) x U(1) gauge symmetry:
ig
2

ig’

DyH = (0~ 5 Wio* — =-B,)H 2.17)
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And the potential V(H) has the form:
V(H) = —u*H'H + A(H'H)? (2.18)

This means that the field has degenerate minima at:

0
Ho = (O|H|0) = 6—\6 ((v)) (2.19)

Where v = y/u2/A and ¢ is a random phase. Let’s reparametrize the complex
scalar doublet (which has 4 degrees of freedom) into 4 real scalar fields, a“ (with

a=1,2,3)and h:
_ ()0+ _ 1 ic%a%/2v 0
H= (QOO) - 5¢ e (2.20)

We want to get rid of the a“ fields and leave only the H field, which we can do by
doing the unitary SU(2) transformation:

U(a) = e o /2y (2.21)

The fields will transform as follows:

, _1L(0
H = H = U = — (V . h) (2.22)
W, - W, = U(@)W,U'(a) - é(aﬂU(a))UT(a) (2.23)
B, — B, =By (2.24)

Where W IW“O'“ With this, the covariant derivative transforms as:

D,H = (8, - igW/, - iB H

= (8,U)H + U(3,H) — igUW#]ﬂ/[jH + igi(aﬂU)le/ﬁH - %B;UH

= (8,LHH + U(d,H) — W“ “H — (8, LhH — U BH

ig ig’ _ _ o
> Wior® = 7B#)H =UD,H =UD,U'H" = D\,H’

We can see that the first term of the Higgs lagrangian is unchanged:

= U(9, -

(D,H) (D, H) — (D,H') (D},H') = (UD FUH) (UD J*UH)

11



= (D,H)'PUD,H = (D,H)"(D,H)

Also, since the potential V(H) is only dependent on terms of the form O(H'H), it
1s also conserved, since:

H'H - (H)'H = (UH)'UH = H'IPUH = H'H

After the unitary transform, it becomes easier for us to calculate the first term
of the lagrangian (from now on we will omit the prime symbol in the fields):

ig

ig g8 Ly
2BH)

(D H) (D"H) = (8,H" + %nga“ +-BH') (9"H - %Wb“o'bH -

= (0, HY(0"H) - £ Wﬂ“(a H'oH) - —B#(a HTH)+ W“(HT “OHH)
+ZW5WI’#(HTJ“J”H)+ m W"BP‘(H* “H)+ B L(H 0" H)
+ %W““B#(HT(T"H) + —B#B’“‘(HTH)
2
=(aﬂHT)(aﬂH)+gZW5Wb“(H*aaabH)+g W“B’“‘(HT “H)+ "B (B*(HH)

= %(3uh)(5”h)+(%((W1)2+(W2)2+(W3) ) - gf W3B+g8 BZ)(v2+2vh+h2)

We can now isolate the mass terms of the bosons (i.e. terms that are quadratic in
the fields), which we can see are:

2 7.2 2.2
- ((W )2+ (W22 + (W3)? ) - 884" W3BH + 8§V p2
")

8
— (2 (WH2+ g2 (W) + (gW° - ¢'B)?)

Lmass =

~8

Here we can introduce a few redefinitions. First, let’s redefine the W! and W2
fields as charged fields, where:

wl £ iw?

W* =
V2

This results in the first two terms of the equation adding up: % ((Wl)2 +
(W?)?) = gz—vzW*W_, meaning that the W bosons end up with a mass of my = %gv.

12



For the remaining terms we have a mixed one (with W>B), which we will need to
diagonalize. To do that we write it in matrix form:

2 2 ’ 3
v g~ —gg'\ (WH
— (w3 B )

8 ( wooR (—88’ 82 )(B#)

this can be diagonalized into:

2 2 2 2
v g +g” O\ (ZF\_ V' 5 »n 1
=3 (2 A”)( 0 o) (A” =g leT ez
where
ZH\ _ [cosBy —sinfy w3k
A*]  \sinfBy cos@y |\ B*
with cos Oy = \/é%gﬂ and sin Oy = \/é%g/z' This leaves us with a massive
neutral vector boson Z of mass mz = o~ = 1vv/g? + g2, and a massless neutral

boson A, which we identify with the photon.

1 1
Lonass = Em%VWZW“‘ + Em%ZuZ“ (2.25)

The remaining terms of the covariant derivative are the kinetic term of the /
field (%(@lh) (0*h)), and the couplings of the gauge bosons to it. Adding them all
together we get all the terms coming from the covariant derivative:

1 u 1 2 v+t we— 1 2 u m%V +y 7 U—
Lpu :E(aﬂh)(a h)+§mWWﬂW +mzZuZl + —=WiW h  (2.26)

2 m2 2

m m
+—272,7"h+ —SWIWHh? ¢ —— 7, 7 R
% 202 H 2v2 cos Oy

We must not forget the Higgs potential, which after the unitary SU(2) trans-
formation, ends up with the following form:

13



2
- A
V(H) = —u*H'H + A(H'H)? = g’ (2 420k + 1) + 207 + 20h + )’
Replacing A = ’v‘—j and expanding, we get:

V(H) = _“V — 429 - _“/’Z S

4

2h3 2h4

2,,2

KV 2,2, M H
= +uh”+ +
4 K v 4y2

Here, the first term is constant, and can be ignored since it does not affect the
Lagrangian. The second term is the mass term of the Higgs, which means the
Higgs mass is m;, = V2u. The third and fourth term are the Higgs self-interaction
terms.

To recap, we started with:

* 4 massless vector fields (non-longitudinal, non-physical): W', W2, W3, B L

* 4 real scalar fields: the 3 «; fields (goldstone bosons) and the h field

And after SSB, the goldstone bosons have been absorbed into the W fields, which
after diagonalization leave us with:

« 3 massive vector fields (longitudinal, physical): W+, W=, Z°
* 1 massless vector field: y
* 1 massive scalar field: h

But not only that, because the first term of the lagrangian gives us the Higgs
kinetic term, the mass terms of the W*, W~ and Z" bosons, and the W*, W~, and

14



7 couplings to the Higgs field, while the second term, the Higgs potential, gives
us the Higgs mass term as well as its self-couplings.

_ 1 H L H— L) H m‘zV WM
LHl'ggS = 5(6ﬂh)(6 h) + EmWWMW + EmZZﬂZ + TW'UW h
2 2 2

m m m
+—2£72,7Fh+ —2ZWIWH R ¢ —Y 7 7Fp? (2.27)
% pA I 2v2 cos Oy

)
h3+gmh

dmyw 32m%v

2
m

1 2.2
+§mhh +

Yukawa Lagrangian

The Yukawa couplings describe the interaction between the Higgs field and the
Fermions. Before SSB, the Yukawa Lagrangian is:

Lyukawa = —L1Y Hlr — Q1 Yy Hdg — QrY, Hug + h.c. (2.28)

Where again we have the L, left-handed lepton doublet () > the Oy left-
handed quark doublet () 1 » and the right handed lepton and quark singlets (g, ug,
dr. We also have the Higgs doublet H (H = io»H*), and the 3 x 3 matrices of
Yukawa couplings Y, Y,,, and Y. After SSB, the Higgs field becomes H = % ( vg n ),
which generates mass terms for the fermions, alongside their couplings to the

Higgs boson:

Vo= 1 - Vo= 1 -
LYukawa:__KLYZKR__KLYthR__dLYddR_6dLYdhdR

V2 V2 V2
(2.29)
v
——I/_LLYML{R——I/_tLYuhMR+h.C.
V2 2

The mass terms can be diagonalized by choosing the appropriate unitary
transformations:

L =0U], i, =a, U, dp=d, U, (2.30)
fR = UgR f;e UR = UuR u}e dR = UdR d}?
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such that:

\% + .
- U, YeUer = My = diag(me, my, me)
v .
@ U;LL Y, U,p = M, =diag(my, m., m;) (2.31)
YUt Y, Ugg = My = diag(mg, myg, mp)
\/E dL d dR d g ds S b

This unitary transformation, however, also has an effect on some of the terms in
the fermion Lagrangian. While the couplings to the Z boson and the photon remain
diagonal, the couplings to the W boson mix the upper and lower components of
the lepton and quarks doublets. In the case of the lepton doublet, since the SM
doesn’t include a mass term for the neutrinos, we’re free to transform them to
leave the coupling to the W diagonal:

ig - _ g _ ~ _
Lwecoup. = %LLW(W;Oj*‘WﬂU )Ly = Eg(VLVNW;fL +eLyHW,ve) (2.32)
I =/ / p! - ’
= S LU Y Wi U €+ G, UJ, " Wy Uns v)) (2.33)

- %(VL VyHWe, + 8, Vy W, vr) (2.34)

where we chose v, = Ug v}, so that V = U;L Uer, = 1. On the contrary, for
the quarks, the couplings to the W boson cannot be diagonalized at the same time
as the masses, which mixes the quark generations:

ig - _ ig _ - _
Lwqcoup. = \%QU’”(WZO'Jr +W,07)0L = Eg(uLyﬂW;dL +dry"Wuy)

. (2.35)
l —/ ’ 7 - 4
= Eg(uL U, y* W Ugr dy +d, Ul y* W3 U uy) (2.36)
- %(zz; Vyr Wi dy +d, VY W i) (2.37)
where
V=U Uu (2.38)

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which describes the
mixing of the different quark generations in their couplings to the W boson.

16



Full Lagrangian

Finally, we can write the full SM lagrangian, by combining equations 2.6, 2.12,
2.15,2.27 and 2.29:

-LSM = LGauge + LQuark + -ELepton + -[:Higgs + LYukawa (239)

Here we’re still missing some terms that are needed to make the Lagrangian
mathematically consistent, in particular we need a gauge fixing term, and a term
for the Fadeev-Popov ghosts [5]. However, these are beyond the scope of this
thesis, and so will not be included.

2.2 Beyond the Standard Model

Despite the success of the SM, it is not considered a complete model: it fails
to incorporate the fourth fundamental force, gravity, and it also fails to explain
a few phenomena, like the baryon asymmetry or the nature of neutrino mass.
Nevertheless, the SM has been tested to great precision, and given its success with
various physics predictions, it still stands as the main theory of particle physics,
with most new theories attempting to expand the SM instead of replacing it. These
theories are collectively called "Beyond the Standard Model", or BSM for short.
One of these theories treats the SM as an effective field theory which is applicable
up to energies not exceeding a certain scale A. In particular, we will look at the
case of the so-called Standard Model Effective Field Theory (SMEFT).

2.3 The Standard Model Effective Field Theory

In order to understand effective field theories better, we must first learn about
dimensional analysis. In the SM, the Lagrangian must have units of mass/energy
to the fourth power. This is because the Lagrangian is what is used to find the
Action, given by:

5= / L dh (2.40)

17



The integration in 4 dimensions has units [d*x] = [mass] ™, and since Action
must be dimensionless, then [£] = [mass]*. From this, the dimensions of the
couplings and the fields in the terms of the Lagrangian are assigned, and it is
found that fermions have a mass dimension of [¢] = [mass]2, while bosons have
a mass dimension of [B] = [mass]'.

In 1933 Enrico Fermi proposed a theory to explain the beta decay. In his
theory, the neutron, proton, electron and neutrino share a direct coupling, which
can be seen in the form of a Feynman diagram in Figure 2.2.

p

Figure 2.2: Fermi’s proposed coupling to explain the neutron beta decay.

If we were to do a dimensional analysis of this type of coupling, we would find
that it is forbidden: all particles involved are fermions, meaning that the dimension
of the coupling is % -4 = 6. In reality, this interaction is mediated by a W boson,
but the energy of the experiments at the time made it impossible to observe this.
Only later, as the technology improved, were physicists able to observe the high
energy behavior.

Figure 2.3 shows the real underlying process, which has not one, but two
couplings. We can see that each coupling: the up-down-W coupling, and the
W-electron-neutrino coupling, obeys the dimension restriction, adding up to 4
(bosons have a mass dimension of 1). Fermi’s theory of beta decay is what is
called an effective field theory: a low energy approximation of a high energy
phenomenon which can’t be observed due to the limitations in the energy of the
experiments.

The Standard Model Effective Field Theory follows the same principle: it
takes the same gauge symmetry as the SM ((SU(3)¢ X SU(2). x U(1)y)) as a
baseline, but expands it, and is constructed using the same fields. However, it adds
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Figure 2.3: Beta decay showing the emission of a W boson, which then decays into an
electron and an anti-neutrino. This can only be observed at high energies.

interactions that would normally be forbidden due to dimensional restrictions,
and it is assumed that SMEFT is actually a low energy approximation of a higher
energy theory, similar to the case of Fermi’s beta decay theory. SMEFT has a
Lagrangian of the form:

1 (53 , 1 ©0© , o2
Lswerr = Ly ++ >, 0, 2§ ¢,"0" +0| -5
Ak A A

Where Lg& is the usual SM Lagrangian, Q,(C") are n-dimensional operators,

with C ]En) being the corresponding dimensionless coupling constants (Wilson
coefficients). To de-clutter the notation ahead, we will absorb the theory cut-off
scale A in the definitions of the Wilson coefficients, rescaling them appropriately
as CO A — €, O IN2 — ).

2.3.1 Operators and Wilson parameters

For this analysis we’ll use the so-called “Warsaw" basis of SMEFT [6], which is
made of all the gauge invariant, independent dimension-6 operators. This basis
has multiple "schemes" depending on the assumptions made on flavor symmetry.
In the most general case, the theory is described by over 2000 parameters, however
here we will use the so-called "top" flavor scheme. It assumes the following:

* The quarks of the first two generations and quarks of the 3rd generation
are described by independent fields. They are denoted by (g, u,, d))
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with p = 1,2 and by (Q, t, b) respectively, where g, and Q are left-handed
doublets, and u,, d,, t and b are right-handed singlets.

e Asymmetry U(2)3 = U(2),xU(2),xU(2), is imposed on the Lagrangian,

under which only the light quarks transform:

qg—Qq, u—>Qu, d—>Qud, Q—>Q, t—t, b—b.

* Mixing effects in the quark sector are neglected and Vg = 1.

* The lepton sector has a U(1)§+e =U(1),xU(1), xU(1); symmetry under
which the fields transform as:

{ — elaefl, {6 — e’““fz, 53 — 6101753,

e — e'%ey, e, — e ey, e3 — e'%7es.

These flavor assumptions reduce the number of free parameters to a more
manageable 260. However, in this work we only focus on some of them that
affect the electroweak sector, in particular the ones that affect the WZ — {6fv
process.

£+
Figure 2.4: Feynman diagram of the s-channel WZ — {v{{ process.

Looking at the Feynman diagram of the s-channel process in Figure 2.4 we
can see that 4 couplings are involved:

* The coupling of two quarks to a W boson.
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* The triple gauge coupling WWZ.
e The coupling of a Z boson to two same-flavored leptons.

* The coupling of a W boson to a lepton and a neutrino.

The ¢ and u channels for this process are missing the triple gauge coupling,
but add another coupling: the coupling of a Z boson to two same-flavored quarks.
The Feynman rules of SMEFT [7] for these 5 couplings have the following
dependencies:

= f(Caw, Crg3: Crud> Cuw)

w+ 2
ot = f(Cw, Cuws, Cyy» Cryyp)
z° e
= f(Cuws, Cew, Cen, Crit, Criz, Cre)
‘£+
wt v
£+ = f(CeW’ CHI3)
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= f(Cuaws, Cuw, CuB, Crg1, Cg3, Cru)

= f(Cuws, Caw, Cap, Crg1, CHg3, CHa)

In addition to these direct dependencies, there are two more parameters that
affect the process: the Z boson mass (and in turn its propagator) depend on the
Cyp parameter, while the parameter C, introduces a SM-forbidden, 6-dimension
4 lepton vertex, which affects lepton self-energy and Z boson vertex corrections.
Of these 20 parameters, preliminary studies showed that only 12 show sensitivity
in the WZ — €€€v process. The parameters and their corresponding operators
are:

= (D*H'H)(H"D"H) Qet(prsiy = (Lyyulr) (Ey" )
Qf,;;(p = (H'I'D H)(Ey"t,) Quws = H o' HW', B
Qo = (HTin H)(Z,0'y"t,) 0 yivg = H o' HW!, BX
04 = (H'i'D ,H)(gy"q) Qw = T W WP W
(” = (H'iDH)(do'y"q) O = & W Wy wy"

Where H'i D uH = H'(iD,H) — (iD,HH, W = Let"PoW, . and the
flavor indices p, r, s, t run over {1, 2, 3} for leptons. In this Work the tau interactions

are not studied, so in the latter case only the indices {1,2} are considered. So,

(1) (3) (1) (1) (3)
for QHg(pr) and QHg(p ) 4 cases are considered: QHK(H), QH€(22), QH€(11)

Oy £(22)° while for Qre(prsr) Only Qee(1221) is considered. It should be noted that
some of these operators also affect the background processes of this study.
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3 The ATLAS Experiment at the
LHC

This work relies on data from the collisions of particles at high energies. Although
these events can happen naturally when cosmic rays hit earth’s atmosphere, we
have no control over their energy or the rate at which they occur. As such, we
need a more controlled environment in which we can manipulate those variables
to our liking. This can be accomplished using large particle accelerators, which
use strong electromagnetic fields to accelerate charged particles up to speeds
close to the speed of light, and collide them against one another. The largest such
machine ever built is the Large Hadron Collider (LHC), at CERN. Section 3.1
will give a brief overview of CERN and its history, section 3.2 will introduce
the Large Hadron Collider and the stages used to accelerate the particles to their
target energies, and finally section 3.3 will describe the ATLAS detector and its
subsystems.

3.1 CERN

In 1954, 12 european countries founded a physics organization dedicated to
research the nuclei of atoms. It was named “CERN" after its french acronym:
Conseil Européen pour la Recherche Nucléaire (European Council for Nuclear
Research), and while it has kept the name, over the years it shifted its main area of
research to particle physics. The name CERN is nowadays used to refer to both
the organization, and the laboratory, which is located in Meyrin, Geneva, on the
French-Swiss border. In the 70 years since its foundation, CERN has expanded to
include 25 member states, 9 associate states, and over 40 non-member states with
cooperation agreements. Physicists at CERN have made several achievements
throughout its history, just to name a few: the discovery of the W and Z bosons
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in 1983, the discovery of direct CP violation in 1999, and more recently, the
discovery of the Higgs boson in 2012. CERN has also played an important role in
computer science, being the birthplace of the world wide web, in 1989. Currently,
CERN operates various accelerators used for high energy physics research, the
largest and most energetic of these being the Large Hadron Collider.

3.2 The Large Hadron Collider

The LHC is contained in a circular tunnel with a circumference of 26.7 km, at a
depth over 50 metres underground, and it houses various experiments, as seen in
Figure 3.1. It consists of two concentric beamlines, each containing a beam of
particles that travel in opposite directions. The beams cross at 4 different points of
the ring, where the particle collisions occur. Radiofrequency (RF) cavities use
electric fields to accelerate the particle beams, while powerful magnets are used to
steer and focus them. The LHC is the most powerful particle collider in the world
at the time of writing, and can achieve energies of 13.6 TeV.

The protons used for the collisions at the LHC cannot be simply accelerated to
their final energy, they must be accelerated in various stages. For this, negative
Hydrogen ions (H™) are injected into LINAC4, a smaller linear accelerator which
feeds them into the Proton Synchrotron Booster (PSB), where they are stripped
of their electrons leaving the bare protons. The protons are further accelerated
to 2 GeV before being injected into the Proton Synchrotron (PS). Here, they are
accelerated up to 26 GeV, and they are injected into the Super Proton Synchrotron
(SPS), which accelerates them further up to 450 GeV. Finally, the protons are
injected into the two opposite-going beamlines of the main LHC ring, where they
are accumulated into bunches, and accelerated up to their final center-of-mass
energies.

The proton bunches cross at 4 interaction points where the ATLAS, CMS,
ALICE and LHCD detectors are located, at a rate of one bunch-crossing every
25 nanoseconds, or 40 million each second. The data obtained from the ATLAS
detector has been used in this work.
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Figure 3.1: Graphic overview of the Large Hadron Collider, detailing the various experi-
ments that form part of it. [8]

3.3 The ATLAS Experiment

The ATLAS Experiment is the largest general-purpose particle detector in the
world. It is designed to measure as many particles as possible from the collisions
at the interaction point. It is shaped like a barrel on its side, being 46 metres
long, 25 metres in diameter, and weighs about 7000 tonnes. In order to be able
to detect the paths taken by the particles, ATLAS uses a layered design. As the
particles move from the interaction point outwards they cross multiple layers, and
the points of each layer where a particle was detected are connected to reconstruct
the path or "track" the particle took. Since different particles have different ways
of interacting with matter, various subsystems are used to detect and distinguish
different particle types.

Figure 3.2 shows this. All charged particles (like electrons, muons and protons)
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Figure 3.2: Diagram detailing how different particles interact with the different ATLAS
systems. [9]

leave tracks in the inner detector. Particles that interact electromagnetically have
their energy absorbed by the Calorimeters. Lighter ones like electrons and photons
deposit their energy in the Electromagnetic Calorimeter, while heavier ones like
protons and neutrons do so in the Hadronic Calorimeter. Muons and neutrinos
pass through all detectors without being stopped, but muons leave tracks since
they are charged, whereas neutrinos aren’t detected at all.

3.3.1 Inner Detector

The Inner Detector is the component that is the closest to the interaction point of
the collisions. It consists of the subsystems: the Pixel Detector, the Semiconductor
Tracker (SCT), and the Transition Radiation Tracker (TRT), as seen in figure 3.3.
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Its main function is to detect the traces left by charged particles as they move
through the layers of the various subsystems (see figure 3.4).

T R
[EERE]

' End-cap semiconductor tracker

Figure 3.3: Diagram showing the subsystems of the Inner Detector. All subsystems have a
barrel component, and an endcap component, conforming to ATLAS’s barrel shape. [10]

Pixel Detector

The closest subsystem to the interaction point. It can be thought of as a cylindrical
camera, but instead of capturing a flat photo, all the pixels point to its center, and
it takes one “picture” every 25 nanoseconds. The barrel section has 4 concentric
layers, whereas the endcap has 3 disks per side. It has about 2000 modules, with
each module having about 46,000 pixels. In total, about 92 million pixels, or 92
MP. The pixels are 50 X 250 ym in the innermost layer (IBL), and 50 x 400 um
in the external layers, both smaller than the size of a grain of sand. All the pixels
together add up to an effective detection area of 1.9 m.
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Semiconductor Tracker (SCT)

The SCT is the next subsystem going outwards radially. It has a similar concept to
the Pixel Detector, only instead of pixels it uses long strips to cover a larger area
more practically. The barrel section has 4 concentric layers, and the endcap has 9
disks per side. The SCT has 4088 two-sided modules in total, with each module
having 768 strips, for a total of about 6.3 million channels. Each strip has a width
of 80 um, or about the width of a human hair, and a length of 12 cm. All together,
they make up an area of about 60 m?. The strips’ dimensions give the SCT the
most critical tracking capabilities in the plane perpendicular to the beam axis.

Transition Radiation Tracker (TRT)

The final subsystem of the Inner Detector, the Transition Radiation Tracker, is
the outermost component, and unlike the Pixel Detector and the SCT, which use
silicon detectors, the TRT uses a technology called “drift tubes”. These tubes,
also called “straws”, are 4 mm in diameter and up to 144 cm long, and have a
gold-plated tungsten wire in their center, only 30 um in diameter. The straws are
filled with a non-flammable gas mixture of 70% Xe, 20% CO,, and 10% CF4, and
the wire is held at 1500 V. When a charged particle crosses the gas, it ionizes it,
and the electrons drift towards the wire and create a pulse signal. The various
refraction indices of the materials in the TRT cause ultra-relativistic particles to
produce transition radiation, which can be used to differentiate the lighter particles,
like electrons and positrons, from heavier ones like pions. This is because the
transition radiation energies depend on the speed of the particle, and since particles
at a certain momentum will move faster the lighter they are, electrons and positrons
will appear as having stronger transition radiation energies.

3.3.2 Calorimeters

Surrounding the Inner Detector are the Calorimeters. They consist of layers of
high density material that absorbs the energy of the particles, interlaced with
sampling layers, which measure the absorbed energy. It is subdivided into two
subsystems based on the type of particle they can detect: the Electromagnetic
(EM) Calorimeter, and the Hadronic Calorimeter. The EM Calorimeter is the one
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Figure 3.4: Diagram showing how a track would cross the various layers of the subsystems
of the Inner Detector. The distances to the beam axis are also shown. [11]

closer to the interaction point, and it measures the energy of light particles that
interact electromagnetically. The heavier particles that aren’t stopped by the EM
Calorimeter reach the Hadronic Calorimeter, where they are finally stopped (with
a few exceptions). These calorimeters use two types of technology: Liquid Argon
Calorimeters, and Tile Calorimeters.

Liquid Argon Calorimeter

The Liquid Argon (LAr) Calorimeter, as the name suggests, uses liquid argon to
measure the energy of the particles that are absorbed by it. Metal layers absorb
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the particles, creating showers of less energetic particles, which ionize the LAr
between the layers and create the electric current that is measured. In order to
keep the argon in a liquid state, the systems are cooled to —184°C. There are 4
different subsystems: the Electromagnetic Barrel Calorimeter (EMB, lead layers),
the Electromagnetic Endcap Calorimeters (EMEC, lead layers), the Hadronic
Endcap Calorimeters (HEC, copper layers), and the Forward Calorimeters (FCal,
copper/tungsten layers).

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr eleciromagnetic

barrel
LAr forward (FCal)

Figure 3.5: Diagram showing the ATLAS Calorimeter and its subsystems. [12]

Tile Calorimeters

The barrel section of the Hadronic Calorimeter uses a similar technology, but
instead of liquid argon, the sampling materials are scintillating tiles, hence the
name, Tile Calorimeter. It has a fixed central barrel, and one movable extended
barrel to each side. It is made of alternating steel and scintillating tiles, where the
steel absorbes the particles, and the scintillating tiles sample the energy deposited
in the calorimeter.
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3.3.3 Magnets

In order to measure the momenta of the charged particles produced in the events,
ATLAS uses strong magnets to create a magnetic field, which makes the charges
particles take curved trajectories. The curvature of the path is related to the
strength of the magnetic field, as well as the charge, mass and velocity of the
particle. There are 3 magnet subsystems that together create the magnetic field in
ATLAS.

Central Solenoid

Barrel Toroid

Endcap Toroid

Figure 3.6: Diagram showing the magnets that make up the ATLAS magnet system.

Central Solenoid Magnet
This magnet surrounds the Inner Detector, creating inside of it a mostly uniform 2
Tesla magnetic field aligned with the beam line. It is a 5.8 m long cylinder, with a

diameter of 2.56 m, a thickness of only 4.5 cm, and it consists of a single coil with
over 1000 turns, using a total of 9 km of superconducting wire.

Barrel Toroid

The Barrel Toroid is used to create the magnetic field outside of the Inner Detector,
in the barrel section. It consists of 8 superconducting coils arranged equidistant
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from each other around the ID. The coils are housed inside individual cryostats to
keep them at the right temperature. The 8 coils together, create a magnetic field
that loops around the ID and the beam line. This magnetic field however, is not
completely uniform, because the cost would be too expensive, and it would not
leave enough room for the Muon Spectrometer. The coils are located just outside
the calorimeters, but still within the volume of the Muon Spectrometer; they are
25.3 m long, use over 56 km of superconducting wire, and create a field of 2-6
Tesla in the 0.0 < || < 1.3 pseudorapidity range'.

Endcap Toroids

Similar to the Barrel Toroid, the 2 Endcap Toroids consist of 8 superconducting
coils each, which create a magnetic field that loops around the beam line. These
coils, however, are smaller and closer together, since they sit just outside the Inner
Detector, in the endcap regions. The coils of each Endcap Toroid use about 13
km of superconducting wire, and are housed within the same cryostat, which
gives them a distinctive "gear" appearance. These "gears" have a width of 5 m, a
diameter of 10.7 m, and create a magnetic field of 4-8 Tesla in the 1.6 < || < 2.7
range.

3.3.4 Muon Spectrometer

While most particles are stopped by the calorimeters, most muons can travel
through them and escape detection completely. Thus dedicated detectors are
placed in the outermost parts of ATLAS to be able to detect and characterize these
muons. Various fast-response detectors are used as triggers, which include the
Resistive Plate Chambers and the Thin Gap Chambers. Precision detectors are
used for position and tracking measurements, which include the Monitored Drift
Tubes and the Cathode Strip Chambers?.

! Pseudorapidity is a spatial coordinate that represents the angle of a particle relative to the beam

axis, and is defined as: 7 = —1In [tan (%)]

2 The CSC, MDT and TGCs in the “Small Wheel" have since been replaced by the Micromegas
and sTGCs to prepare for the High Luminosity LHC, forming the “New Small Wheel". Since
the data used in this work was taken with the old detectors, the components of the NSW will not
be described here, instead they are described in Appendix C.
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Figure 3.7: Layout of the subsystems of the muon spectrometer. [13]

Resistive Plate Chambers

The Resistive Plate Chambers (RPCs) are responsible for the fast-response detection
of muons in the barrel area. They are gaseous parallel electrode-plate detectors,
without wires. Each RPC has two resistive plates separated 2mm by a gas volume
filled with a C;HyF4/C4H19/SFg mixture. When functioning, a 4.9 kV/mm electric
field is induced between the plates, so that when the incoming muons ionize the
gas, the resulting ions drift to each of the plates. Here, they are detected by two
sets of strips, which run perpendicular to each other, in ¢ and 7. Three concentric
layers of RPC provide 3 points of measurement (6 different measurements) for
each muon track that crosses the three layers. This redundancy allows for a strong
trigger robustness, rejecting fake muons and ensuring good detection efficiency.
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Thin Gap Chambers

The Thin Gap Chambers (TGCs) on the other hand, are responsible for the
fast-response detection of muons in the endcap area. Four sets of TGCs are used
on each endcap: three forming part of the so-called "Big Wheel" right outside the
endcap toroid, and one located in the "Small Wheel", between the calorimeters
and the endcap toroid. The TGCs are multiwire proportional chambers, and get
their name from the fact that the distance between the cathodes and the wire
plane (1.4 mm) is smaller than the distance between the wires (1.8 mm). The
cathodes are divided into strips that are oriented so that they point approximately
to the beamline, while the wires run perpendicular to the strips, which allows
a measurement of two orthogonal coordinates. The TGCs use a gas mixture of
55% CO; and 45% n-pentane and when in operation, a ~3 kV voltage is applied
between the wires and the cathodes, so when the incoming muons ionize the
gas mixture, the ions quickly drift to the wires and cathodes. This combination
of geometry and highly quenching gas mixture give the TGCs an excellent time
resolution, allowing for bunch crossing identification for the trigger system.

Monitored Drift Tubes

Monitored Drift Tubes (MDTs) are used for precision tracking in almost all of the
muon spectrometer. The basic element of the MDTs are long (1-6 m) aluminum
tubes, with a width of 3 cm, and a metal wire running through its center. The
tubes are filled with an Ar/CO; (93%/7%) gas mixture, which is held at a pressure
of 3 bar. The tubes are assembled into rectangular chambers that hold hundreds of
tubes, and these chambers are placed in the entirety of the barrel, and most of the
endcap. While they are placed over the entirety of the "Big Wheel" and the "Outer
Wheel", in the "Small Wheel" they don’t cover the pseudorapidity range || > 2,
since the high counting rate expected in this area would exceed the MDT’s safety
limit. The chambers are positioned such that the incoming muons would cross the
tubes perpendicularly (approximately). The incoming muons cross multiple tubes
quickly, ionizing the gas, and the electrons drift to the wires. Given the cylindrical
geometry, this ionization will be larger or smaller depending on the distance of
the track to the center of the tube, since if the muon hits close to the shell of the
tube, it can only ionize a small region of gas, while if it crosses the center, it will
ionize a larger region. The distance of this ionized gas to the wire will also create
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different shapes of pulses, since a hit close to the shell of the tube would create a
short weak pulse, while a muon that crosses the center would create a longer pulse,
since the track covers various distances to the center of the tube. All of this means
that the hit information alongside the drift times of the hits of multiple tubes can
be used to obtain a very precise track. At the same time, one disadvantage of
this is that the longer pulse (up to 700 ns) of the tracks that pass close to the wire
could create pulses that last for multiple bunch crossings. Similarly, for tracks that
pass close to the outer radius the electrons have to travel all the way to the wire,
creating shorter pulses but with later start times. These problems are solved by
using a dead-time in the front-end of the readout chain.

Lo ]

e

Figure 3.8: Diagram of the cross section of a quadrant of the Muon Spectrometer. The
RPCs are represented with white boxes, while the TGCs are in pink. As for fast response
detectors, in green are the barrel MDTs, in light blue the endcap MDTs, and in yellow the
CSCs [14]. © IOP Publishing. Reproduced with permission. All rights reserved.
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Cathode Strip Chambers

For the pseudorapidity region || > 2, which is expected to have the highest flux
of particles, it is necessary to use a different technology, one which can operate
properly in those conditions. ATLAS uses Cathode Strip Chambers (CSCs), which
are multiwire proportional chambers that can operate at rates up to 1000 Hz/cm?.
The CSCs have segmented cathodes on both sides, one with strips oriented radially,
parallel to the wires, and the other with strips oriented perpendicular to them.
The chambers are filled with a gas mixture of Ar/CO; (80%20%), and they are
operated with a voltage of 1900 V. Each chamber is made from four CSC planes,
which results in four independent measurements for each track (the wire signals
are not read out). The chambers come in two varieties, a small and large one,
with each "wheel" having 8 of each. Unlike the other detectors in the endcap
region, the CSCs are slightly tilted towards the interaction point, which improves
the performance of the detector, since the avalanche is formed on a single point
along the wire.

3.4 Phenomenology of p p collisions

During a bunch-crossing in ATLAS, two protons moving in opposite directions
might collide head on, producing a hard interaction. In this collision, the
components of one proton interact with the components of the other one. These
components are:

* Valence quarks: the quarks that give the proton its quantum numbers (two
up quarks, and one down quark).

* Gluons: the particles being exchanged between the quarks, keeping the
proton bound together.

* Sea partons: virtual quark-antiquark pairs that exist temporarily due to
quantum fluctuations.

This composite nature of the proton means that although the total momentum
of a proton in the LHC is known, the momentum of the individual partons is
unknown. The only known fact, is that most of the momentum of the partons is
in the longitudinal direction, since the total transverse momentum of the proton
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is close to 0, thus making the transverse momentum of the partons negligible.
This distribution of the momentum between the various partons is modeled using
parton distribution functions (PDFs), that have the form f,(x, Q?), where a is
the parton type, x is the momentum fraction, and Q? is the energy scale at which
this distribution occurs. An example of the PDFs of the partons of a proton can
be seen in Figure 3.9. These PDFs can’t be calculated analytically due to the
non-perturbative nature of QCD, and must instead be determined experimentally.
The PDFs obtained at a certain value of Q2 can be used to obtain the PDF at a
different value of Q2.

1 T IR
ATLAS Preliminary Q> =10 GeV?

xf

08 - —— ATLASepWZtop18 NNLO |

uncertainties:
I experimental
[ 1 model Xu, A
[ parameterisation

Figure 3.9: PDFs of up and down valence quarks, as well as gluons in a proton at an
energy scale of 10 GeV [15]
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In addition to a few hard interactions, each bunch crossing in ATLLAS can have
multiple soft interactions, where the momentum exchange is small. While these
soft interactions can have interesting physics, most of the time the focus is on the
hard interactions, making these extra soft ones a background. The mean number
of interactions per bunch crossing is called pileup, it is written as (u), and in
ATLAS, from 2015 to 2018, had a mean value of 33.7, as seen in Figure 3.10.
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Figure 3.10: Pileup per year at ATLAS [16]
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4 Data and Monte-Carlo samples

For this analysis, both “real” collision data (or just data) and simulated data are
used. While in real data the sample events and background events are always
together, for simulated samples one has control over what is generated. For
example, signal samples and background samples can be generated separately,
and models different from the SM can be used. This allows us to model our
background, as well as compare the results of our measurements to both the SM
and SMEFT using various values for the parameters of the model, both of which
can in turn be used to set a limit on those parameters. In order to maximize the
usefulness of our simulated SMEFT samples, a decomposition method is used for
them. Section 4.1 describes the data, section 4.2 describes the simulated samples
including SM samples, SMEFT samples, and background samples, while section
4.3 describes the decomposition method in more detail.

4.1 Data

This analysis uses data of pp collisions collected from 2015 to 2018 using the
ATLAS detector, at a center-of-mass energy of 4/s = 13 TeV, and corresponds to
an integrated luminosity of 139 fb™!.

4.2 Monte Carlo samples

Multiple simulated samples, called Monte Carlo (MC) samples were used to model
the signal and background processes involved. For our signal, one SM sample
and various SMEFT samples were generated, whereas for the background, the
following processes were simulated:
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* Processes with two or more electroweak gauge bosons: ZZ, WW, VVV
* Processes with top quarks: ¢z, 7V, single top, tZj

* Processes with gauge bosons associated with jets or photons: Z + j, Zy

The simulation of particle collision processes like the ones above is done in
various steps, where often each step is performed using different software, which
transforms the data from its most "theory-like" form to its more complex and
"real-life" form. In order, they are:

40

* Matrix element calculation: the matrix element of the requested hard

scatter process is calculated based on the chosen QCD and QED rules,
which allows for simulating models different from the SM. Individual events
are sampled from that result, producing a list of "hard" (high momentum)
partons.

Parton shower/hadronization: the partons from the hard scatter events go
though a QCD simulation which emulates the processes that happen at lower
energy scales, creating showers of particles all the way down to the formation
of color-singlet bound states, a process called "hadronization". Due to
the non-perturbative nature of low energy QCD, special functions called
"parton distribution functions" (PDFs), which are obtained experimentally,
must be used in the calculation. Data at this point is known as "truth" data,
meaning all the particles that in theory get produced are still in the record,
and no information has been smeared or lost. The data is also entirely
model dependant, and not ATLAS-specific.

Detector simulation and digitization: the paths of "stable" particles are
simulated, alongside their interactions with the detector and the magnetic
fields, sometimes producing new particles or decaying. Afterwards the
simulated energy deposits are converted into digitized signals, equivalent to
the raw data that is obtained with the ATLAS detector. At this step, some
information is "corrupted" or "lost" on purpose, which is done because the
detectors are not 100% efficient or accurate, but also because some particles
will propagate to the blind spots of the detector. This is done to obtain a
more accurate representation of what really happens in the detector.



* Reconstruction: the remaining digital signals are reconstructed into physics
objects, like electrons and jets, in the same way that it is done for real
ATLAS data.

With these steps in mind, there are two possible approaches to an analysis.
The simplest and most common one is to compare the reconstructed simulated
samples to the reconstructed data from the detector and work from there. Another
possibility, is to model the effects of the detector on the data as accurately as
possible, and then "revert" those effects on the reconstructed data, in order to
obtain the "real" data, which can then be compared to the truth simulated data
(before detector simulation). This second approach is called "unfolding", and it is
what is used in this analysis [17].

4.2.1 SM sample

The SM predictions were simulated at NLO in QCD using the PowHEG Box v2
[18-21] generator. The events were interfaced to PyTHia 8.210 [22] for the
simulation of the parton showering, hadronization, and underlying event, with the
AZNLO [23] tune of parameters. The CT10nLo PDF set [24] was used for the
hard-scattering processes, while the parton shower used the CTEQ6L1 PDF set
[25].

In order to obtain the most accurate prediction possible, generation of higher
order terms is necessary. For this sample, the effect of the NNLO QCD and NLO
electroweak corrections is calculated using MaTrix 2.1 [26].

4.2.2 SMEFT samples

The samples that model the SMEFT effects were generated at LO with Mab-
GrapH 2.9.9 [27], using the SMEFTsim [28, 29] model, which includes terms up
to dimension 6, and for each sample only one parameter at a time was allowed
to take non-zero values. Two samples were generated for each parameter, where
the first one includes only the SM-SMEFT interference (linear in Ckg), and the
second one includes the purely SMEFT events (quadratic in Ck). For both samples
the Wilson parameter was set to a value of 1, with the mass scale A = 1 TeV.
The reasoning and validation of these samples is further explained in section
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4.3. The generation was interfaced with PyTnia 8.307 for the simulation of the
parton showering and hadronization, using the NNPDF3.0nLo [30] PDF set. With
the accuracy of the SM sample being NNLO, it becomes necessary to adjust the
SMEFT sample to account for that difference. For this reason, a MC sample using
the same configuration as the SMEFT samples (MapGrapH with SMEFTsim
model) is generated, only with all the parameters set to 0, which removes the
SMEFT effects and creates just a SM LO sample. This sample is then compared
bin-by-bin to the Pownec SM NNLO sample, and the scale factors obtained are
applied to the SMEFT samples.

4.2.3 Background samples

Various generators were used to make the background samples. SHERpA 2.2.2
[31] was used to simulate ZZ events (both ¢gg and gg initiated) using the
NNPDF3.0nnLo PDF set, as well as the triboson (VVV, where V = W, Z)
events, which used the NNPDF3.0nLo PDF set. The t7Z and W samples were
generated with MADGRAPH interfaced with PyTHia for the parton shower, and
used the NNPDF3.0nLo PDF set. The t7 was generated at NLO using POwHEG
interfaced with PyTtHia for the parton shower, using the NNPDF3.0 PDF set during
the event generation, and NNPDF2.3 with the A14 tune [32] during the shower
simulation. The tZ; events were generated at LO using MADGRAPH interfaced
with PyTHiA for the parton shower, with the NNPDF3.0nLo PDF set for the event
generation and the NNPDF2.3L0 PDF set for the parton shower simulation.

4.3 Decomposition method

By default, Monte-Carlo generators calculate the squared amplitude matrix of the
process including all the terms of the calculation:

| Asy + Zc A = Asu? + 2Zc Re(AL,Ay) 4.1

+Z 2|fﬂ|2+2 Z cicjRe(ALA;)

1,],0#]

where the first term represents events that aren’t affected by SMEFT, i.e. events that
are purely SM. The second term represents the events that come from SM-SMEFT
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interference, also sometimes referred to as the linear term, since it is linear in
terms of c;. The third term represents events that are purely from SMEFT effects,
and is called the quadratic term, since it’s quadratic in ¢;. The last term represents
the events that come from the interference between different SMEFT parameters,
also called the cross term. For this analysis, we only study one parameter at a time,
so this last term is always set to 0.

The downside of this type of generation is that if one wants to see how a
distribution would look for a different value of ¢; one would have to generate the
events again, which depending on the size of our sample, could take hours or
even days. This is due to the fact that SM events that aren’t affected by SMEFT
wouldn’t scale at all, events that are the product of SM-SMEFT interference would
scale linearly, and events that are purely SMEFT would scale quadratically. Since
this information is not kept during the generation, we are unable to manipulate the
sample to obtain this new estimate, and we are forced to generate a new sample at
the value we want to test. One approach which is often used to solve this issue is to
use a reweighting method, where at the time of generation, each event is assigned
an event weight corresponding to each value of a preselected range of values of the
parameter. These event weights can be later be used to interpolate/extrapolate to a
new value to simulate how the distribution would look using a different value of the
SMEFT parameter. This approach however, becomes inaccurate as the new value
moves away from the original values used for the reweighting, since the statistical
fluctuations of the original sample get amplified. So, in this analysis, each term
of the sum is generated individually, so that we can scale them continuously and
independently from each other. This method is called the decomposition method,
and it must be validated against samples that are generated normally, with all terms
included at the same time, as shown in figure 4.1.
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Figure 4.1: Examples of various validation plots. The different terms are generated as
individual samples and rescaled to a certain value, and then combined and compared to a
reference sample which was generated at that same value from the start and includes all
the terms.

The validation of the decomposition method was made by taking various
kinematic distributions and event topologies resulting from recombining the
contributions of the different terms, and comparing them to the ones obtained by
generating a sample in the usual way, with all terms included from the beginning.
The comparison is performed for all the parameters at various values, to ensure
agreement at various scales. The distributions were found to be in agreement up
to statistical uncertainties.
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In order to produce the separate sample terms, the specific generation options
of MADGRrAPH are used. An example of an event generation that includes all terms
would be:

generate p p > 1+ 1- 1+ vl NP<=1

where NP <=1 indicates that the order of new physics at the amplitude level should
be lower than or equal to 1. Using these options, we can generate a purely SM
sample like this:

generate p p > 1+ 1- 1+ vl NP==0 NP"2==0

Where NP ~2<=1 indicates that the order of new physics at the squared amplitude
level has to be 0. An interference sample would look like this:

generate p p > 1+ 1- 1+ vl NP"2==1
and a quadratic sample would look like this':
generate p p > 1+ 1- 1+ vl NP==

The interference and quadratic samples should also specify the value of the
parameter chosen, preferably having it set to 1, with all the others set to 0. This
allows the samples to be rescaled more easily, by just multiplying the sample by C;
and C lz respectively. One consequence of this is that while the quadratic sample is
strictly positive, the interference sample can be negative depending on the value
of C;, as seen in plots (a) and (b) of figure 4.1. This means that the interference
term acts as destructive interference with the rest of the events, leading to a lower
combined cross section than that of the purely SM sample in some cases. This
effect is only valid at small values of C;, where the linear term dominates. At
higher values of C;, the quadratic term takes over, and the total cross section grows
as C; keeps growing. A consequence of this behavior, is that for all parameters
there exists a value where the total cross section is the same as the cross section of
a purely SM sample. Namely:

! A more detailed explanation of these options can be found in section 8.2.2 of reference [29].
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OSMEFT = O'sM + Ci * TINT + €7 * TQUAD 4.2)
TS = Tsar + Ci * OINT + €7 * TQuAD (4.3)
= ¢; - (oynT + ¢i - oguap) =0 4.4)

Se=0 , c=-—=2T (4.5)
OQUAD

The first solution 1s the trivial case where we recover the SM, and the second
solution is the value in which the interference contribution cancels out exactly the
quadratic contribution. This means that for fits based solely on cross section, there
will be 2 solutions, or minima. This can be avoided by using variables that are
independent of cross section.

In addition to the validation plots, the SMEFT samples were used to generate
shape-analysis plots, where the distributions are reconstructed at various values
of a parameter of choice to see the impact of this change in the shape of the
distribution. These plots were used to study the sensitivity of each variable to the
changes in the values of the SMEFT parameters.
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Figure 4.2: Examples of shape-analysis plots. As the values of the parameters become
more extreme, the difference between SM and SMEFT becomes more apparent.
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S Object and event selection

The raw data that ATLAS collects goes through various algorithms that convert
the detector inputs into physics objects that can be used to do physics analyses.
This is known as reconstruction. After that, we must choose which cuts to apply
to the object in order to select the events of interest, and discard events that are
unrelated. For this analysis, the final states that are possible for leptonic WZ events
are:

3 electrons and a neutrino (eeev), where both the Z and the W decayed into
electrons

2 electrons, 1 muon and 1 neutrino (eeuv), where the Z boson decayed into
electrons and the W boson decays into a muon

1 electron, 2 muons and one neutrino (euuv), where the Z boson decayed
into muons, and the W boson decayed into an electron

3 muons and a neutrino (uuuv), where both the Z and the W decayed into
muons

For this reason, appropriate triggers are selected, and kinematic cuts are
applied to the leptons to select particles that are likely to have been produced by
the decaying bosons of the event. Section 5.1 will describe the triggers used in
the analysis. Sections 5.2 to 5.4 describe the reconstruction and selection cuts
of the various objects used in the analysis, section 5.5 describes the phase space
cuts used to ensure a correct final state, while section 5.6 describes the removal of
overlapping objects.
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5.1 Triggers

Given that all final states have leptons, the standard ATLAS single lepton triggers
[33, 34] are used for this analysis:

Year | Electron triggers Muon triggers
2015 | HLT_e24 lhmedium_L1EM20VH HLT mu20_iloose_L1MUL5S
or HLT_e60_medium or HLT_mu50

or HLT _e120_1l1hloose

2016- | HLT _e26_1lhtight_nodO_ivarloose | HLT_mu26_ivarmedium or

2018 | or HLT_e60_lhmedium_ nod0 HLT mub50

or HLT _e140_1lhloose_nod0
Table 5.1: Triggers by year of data taking.

5.2 Lepton object selection

Multiple leptons are produced in the collisions, which means that cuts must be
applied to isolate our signal from the background. Similarly, some particles can
be misidentified as leptons, so identification selections are applied to ensure the
selected particles are the ones we want to study.

5.2.1 Electrons

Electrons in ATLAS are reconstructed from energy clusters in the EM calorimeter
that have been matched to tracks in the Inner Detector. In order to determine whether
the electron candidates are signal electrons or background objects (hadronic jets,
converted photons), an algorithm for electron identification (ID) is applied [35].
The algorithm assigns working points based on a likelihood estimation, which uses
the shape of the electromagnetic showers in the calorimeter, the track properties,
as well as the track-to-cluster matching quality. In order of increasing background
rejection, the identification working points are: Loose, Medium and Tight. For the
baseline the Electrons are required to satisfy the Medium working point', which

! The choices of working points for electrons and muons were made in the ATLAS full Run-2
polarization paper [36, 37] which produced the HEPDATA that this analysis is based on.
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gives us an identification efficiency of about 90%. Similarly to the ID selection,
electron candidates are also assigned isolation working points, which indicate how
well isolated from other particles the object is. There exist two classes of isolation
working points: cut-based working points, which use only cuts on the calorimeter
and track isolation cones, and efficiency-targeted working points, which instead
are chosen so they ensure a target efficiency at given values of transverse energy
(ET) of the particle. Here, we use the Gradient working point from reference [35],
of the second class, which ensures an efficiency of 90% at 25 GeV, and 99% at
60 GeV. Electron candidates are required to originate from the primary vertex
of the event, have a transverse momentum (pr) greater than 15 GeV, and have a
pseudorapidity of || < 1.37 or 1.52 < || < 2.47.

5.2.2 Muons

Muons in ATLAS are reconstructed using tracks measured in the MS that are then
matched to tracks measured in the ID. Similarly to electrons, an algorithm is used
to determine if the muon candidates should be categorized as signal or background
[38]. Muons from W decays are considered signal, while muons from light-hadron
decays are considered background. The algorithm assigns working points based
on a likelihood estimation, which is calculated using the number of hits in the ID
and the MS. Here we require muons to pass the “medium" identification selection,
which gives an average selection efficiency of about 98%. The isolation working
point for muons is again an efficiency-targeted working point called Gradient
from reference [38], which ensures efficiency of 90% at pr > 25 GeV and 99% at
pr > 60 GeV. Muons are also required to originate from the primary vertex, have
a pr > 15 GeV, and have a pseudorapidity || < 2.5.

5.3 Jet object selection

The quarks and gluons that are produced in the events create hadronic jets due
to color-confinement, and while our final state particles don’t contain jets, they
are necessary for the calculation of the missing transverse energy, which is used
in the estimation of the neutrino pr. In ATLAS, jets are reconstructed using a
so-called “particle-flow" algorithm, which uses both tracking and calorimeter
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information [39]. Tracks from the ID are selected and matched to topological
clusters in the calorimeters, and the expected energy deposited (calculated from
the track momentum) is subtracted from the calorimeter cells. If necessary, more
topo-clusters are added to recover the full shower energy. This is applied to tracks
in a descending pr-order, until the remaining energy in the cells is consistent with
shower fluctuations of a single particle, at which point the remaining topo-clusters
are removed.

After the p-flow algorithm, the particles are bundled and reconstructed into
jets using an anti-k7 algorithm [40] with radius parameter R = 0.4. All jets are
required to have a pr > 25 GeV and a pseudorapidity || < 4.5, and jets with
pr < 60 and |n| < 2.4 also required to pass a jet-vertex-tagger (JVT) [41] cut,
which uses the tracks of the event and the vertex information to calculate the
relative probability of a jet being of signal type. In particular, jets with a JVT
value of 0.5 or higher are considered to be signal jets, and jets with lower values
are considered pile-up.

5.4 Missing transverse energy

Since neutrinos pass through all the detector systems of ATLAS without being
detected, a different approach is used. The colliding partons of the events are
expected to have approximately 0 momentum in the transverse plane, since to
an extremely good approximation, all of their momentum is in the longitudinal
direction. A significant missing transverse energy EIT’rliss would indicate the
production of a particle that could not be detected by ATLAS, like neutrinos, or
even some BSM particles. The E'TniSS is calculated as the negative vector sum of
the momenta of all the hard objects (electrons, muons and jets), called the hard
term, plus a contribution from soft-event signals, i.e. tracks associated with the
primary vertex, but not with the hard objects, called the soft term.

= miss > e - - jet - track
Ep™ = — § pr - prt - § pr" — E pT (5.1)
electrons muons jets soft
tracks

While the longitudinal momentum p?, of the the neutrino can be reconstructed
analytically using the W boson mass constraint, a better approach is to use a
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neural network (NN). It has as inputs the transverse and longitudinal momentum
of the charged lepton from the W boson decay, the E;ﬁss components that are
perpendicular and parallel to the direction of the lepton, as well as the analytical
reconstruction of p’, mentioned previously. The NN is trained using WZ MC
events, and is used to estimate the true longitudinal momentum pé of the neutrino
[36].

5.5 Phase space cuts

In addition to the selection cuts applied to the particles of the event, more cuts are
used to ensure we have the correct final state particles and to suppress background
events.

Events must contain exactly 3 lepton candidates satisfying the selection cuts
mentioned above. Events are rejected if they contain a fourth lepton satisfying a
set of looser criteria. If the 4th lepton has p7 > 5 GeV, and has Loose ID working
point, then the event is rejected. This reduces background events with four leptons,
like ZZ or tt + Z.

Events are required to have a pair of same-flavored leptons with opposite
charge, with an invariant mass (mg,) consistent with the mass of the Z boson
(mz =~ 91.2GeV) within 10 GeV. This pair is considered as the Z boson candidate.
In case more than one pair can be formed (if all leptons have the same flavor, 2
pairs can be formed) the one whose my, is closest to the Z boson mass pole is
taken as the Z boson candidate.

The remaining lepton is assigned as a W boson decay product. In order to
reduce background from misidentified leptons, this lepton is required to satisfy
more stringent selection cuts: its pr > 20 GeV, and must have the Tight ID
working point. The transverse mass of the W boson is then calculated using the
following formula:

mY = \2p P (1 ~ cos 9) (5.2)

Where p‘; is the lepton’s transverse momentum, p7. is the estimated transverse
momentum of the neutrino based on the measured E7"*, and ¢ is the azimuthal
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angle between the lepton and the ErTniSS vector. The transverse mass of the W
boson must satisfy m?’ > 30 GeV for the event to be selected.

5.6 Overlap removal

In order to avoid double counting objects, as well as eliminate fake or misidentified
objects, a process of overlap removal is carried out, where reconstructed objects
that are too close are removed. This is done in various steps:

Jets within AR < 0.2 of an electron decaying from a Z boson are discarded?.

Jets with fewer than 3 tracks and a distance AR < 0.2 from the direction of
a muon decaying from a Z boson are discarded.

Baseline electrons sharing an ID track with a baseline muon are ignored.
Electrons passing Z-selection cuts within AR < 0.4 of a jet are discarded.

Muons passing Z-selection cuts within AR < 0.4 of a jet with at least 3
tracks are discarded.

2 In ATLAS, AR is a measure of the angular distance between two objects, and is defined as:
AR = +/(An)? + (A¢)?, where An is the difference in pseudorapidity between the objects and
A¢ is the difference between the azimuthal angles of the objects.
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6 Systematic uncertainties

The samples used in this analysis are affected by various sources of systematic
uncertainty. They can come from both experimental sources in the measurement of
various particles, and from theoretical sources in the modeling of the simulations.

6.1 Experimental uncertainties

Experimental uncertainties arise from inaccuracies in a measurement, whether
from an imperfect calibration or a limited detector resolution. In ATLAS, each
source of experimental uncertainty is studied and characterized, so that the
data-simulation agreement is as good as possible.

6.1.1 Luminosity

In the context of particle physics, luminosity is the ratio between the number N of
events detected, with a given cross section o~ during a certain period of time ¢:

_1dN
o dr
This is also often called instantaneous luminosity, to differentiate it from integrated

luminosity, another useful quantity, which is the integral of the previous formula
with respect to time:

L (6.1)

L= [ Lar (6.2)

Integrated luminosity can be used to describe the total amount of data collected
by an experiment. This analysis used the Run 2 pp data of ATLAS, which after
data-quality selections, recorded an integrated luminosity of 140.1 + 1.2 fb™!, with
an uncertainty of 0.83% [42].
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6.1.2 Electrons

Experimental uncertainties in electrons arise from energy calibration, identification,
and isolation [43]. The uncertainty in energy calibration comes from the presence
of detector material between the interaction point and the EM calorimeter, as well
as pile-up noise, and amounts to 0.05% in the barrel and 0.15% in the endcap. The
uncertainties from electron identification are dominated by background subtraction
uncertainties at low E7, and are +7% at E7 = 4.5 GeV, decreasing with transverse
energy, reaching +£1% at Er > 30 GeV. The isolation uncertainties are obtained
via tag-and-probe measurements of Z — ee and J/¥ — ee events, and range
from about 5% for electrons with E7 < 7 GeV, and reach less than 0.5% at higher
Er.

6.1.3 Muons

Experimental uncertainties in muons arise from momentum calibration, recon-
struction, identification, and isolation [38]. Uncertainties in momentum calibration
come from inaccuracies in the modeling of the magnetic field integral, inaccuracies
in the dimension of the detector in the direction perpendicular to the magnetic field,
and inaccuracies in the simulation of energy loss in the calorimeter and detector
materials between the IP and the MS. These uncertainties amount to a minimum
of 0.05% for |n| < 1 up to a maximum of 0.3% for || ~ 2.5. The uncertainties
in identification and reconstruction are studied using tag-and-probe methods on
Z — ppand J/¥ — pu events, where an agreement better than 0.1% is observed
at high pr, growing at lower values of p7 up to 0.7%, where the background
contribution is most significant. A larger effect is observed in the || < 0.1 region,
where coverage of the MS is incomplete, up to a 1 — 2% uncertainty. The Z — uu
tag-and-probe method is also used for the muon isolation uncertainties, which
are at the per mille level over most pr values, only reaching a percent level at the
high-p7 region.

6.1.4 Jets

The uncertainties regarding jets come from inaccuracies in energy scale, as well as
energy resolution [44]. These are derived using various methods, which include
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Z+jet balance, y+jet balance, multijet balance, dijet n-intercalibration, and more.
This adds up to 80 uncertainty sources, which for this study are reduced to 30
nuisance parameters (NPs) that affect the jet energy scale, and 8 NPs that affect
the jet energy resolution.

6.1.5 Missing transverse energy

The uncertainties on the ErTrliss come from its energy scale and resolution, and
depend on the composition of the hard terms and the magnitude of the corres-
ponding soft term [45]. The contributions from the hard objects (electrons,
muons and jets) are the same that have already been explained. The scale and
resolution uncertainties from the soft term are obtained by comparing a spectrum
of observables in data to MC samples, and measuring the contribution of the soft
term to the overall EJSS.

6.1.6 Pileup

Simulated data are produced with a specific value of pileup. In order to more
closely emulate real data, this pileup is reweighted so its distribution resembles
the pileup of the period the data was taken. In addition to this reweighting, a
variation is included to cover the uncertainty in the ratio between the predicted
and the measured p p inelastic cross sections [46].

6.1.7 Unfolding

The unfolding process requires the generation of MC samples that are used to
model detector effects as a response matrix, which transforms the “true” data into
the measured data. To obtain the response matrix, the background is subtracted
from the data, which is then corrected for detector resolution and efficiencies using
simulated signal samples and an iterative Bayesian unfolding method [17], ranging
from 2 to 4 iterations depending on the variable, giving as result a response matrix.
This process has uncertainties that come from an imperfect description of the data
by the MC samples, as well as from the size of the MC sample. The uncertainties
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are evaluated using a data-driven method, based on truth-reco matched events
[47].

6.2 Theoretical uncertainties

In addition to the experimental uncertainties, there are uncertainties arising from
theory aspects, whether it be incomplete or truncated modeling, variations in the
numerical models (PDF uncertainties), or uncertainties in the values of physical
constants.

6.2.1 Scale uncertainties

To model the missing higher-order QCD corrections in the simulated samples,
the renormalization and factorization scales (ug and ur) are scaled by 0.5 and 2,
using 7 different combinations of them:

{ur, ur} = {0.5,0.5},{1,0.5},{0.5, 1}, {1, 1}, {2, 1}, {1,2}, {2,2}  (6.3)

The uncertainties of these 7 pairs are combined by taking an envelope of all
of them, where the maximum of differences between the scale variations and the
central value is taken. This follows the recommendations of the ATLAS Physics
Modelling Group (PMG).

6.2.2 PDF uncertainties

The choice of PDF has an associated uncertainty, which is calculated by comparing
various PDF sets, as recommended by the PDFALHC group [48]. The formula
used to calculate this is:

N
oPPF o = — Z (c® — (o)) (6.4)
k=1
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where 6”PF o is the 68% confidence level PDF uncertainty, o is the observable
of choice, N is the number of MC replicas that use the various PDF sets, and (o)
is the mean value of the observable over the MC replicas.

6.2.3 a5 uncertainties

The QCD running coupling ag (related to the fundamental strong coupling gg
2

introduced in Subsection 2.1.2 by ag = %) depends on the square of the energy
scale of the process. The usual scale used to determine g is the mass of the Z
boson myz, but this choice still has an uncertainty associated with it. The value
used is:

as(m%) = 0.1180 + 0.0009 (6.5)

which is the PDF global average [49]. The effect of the a5 uncertainty in the
PDFs is then obtained by using variations in + 1o of ag + 0.001.

58



7 Statistical analysis

The analysis of the samples is done using statistical methods to set limits on the
Wilson coeflicients of the various SMEFT couplings that are being studied. This
chapter will explain the statistical model used in Section 7.1, then will explore the
likelihood function used in Section 7.2, and finally will discuss the estimation of
confidence intervals in Section 7.3.

7.1 Statistical model

This analysis uses binned distributions, where the expected differential cross
section per bin is compared to the unfolded differential cross section in each bin.
Given what has been explained in chapter 4, and assuming only one non-zero
Wilson coeflicient ¢; at a time, the expected differential cross section per bin is:

Nsyst

agred _ <O_I§M + O_Ii)nt i+ O_;]uadclz) ) l_[(l +6;0p) (7.1)
J

where O'EM is the expected differential cross section of SM events per bin, O'li)nt is the

expected differential cross section per bin coming from SM-SMEFT interference
when c¢; 1s assumed to be 1, ofuad is the expected differential cross section of
events per bin coming from SMEFT self-interaction when c¢; is assumed to be 1,
Ngys: 18 the number of nuisance parameters used in the fit, 6; is the j-th nuisance

parameter, and 6, are the fractional uncertainties for the systematic j in the bin
b.
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7.2 Likelihood function

The limits of the Wilson coeflicients are derived using a binned maximum
likelihood, fitting the predicted differential cross section to the unfolded differential
cross section. The fit is performed with the e ft —fun framework [50], which uses
a likelihood function given by a multivariate Gaussian representing the difference
between measurements and predictions, that is multiplied by a Gaussian constraint
term for each nuisance parameter included in the fit. So, assuming a distribution
with n bins, the likelihood as a function of ¢;, which will be minimized in the fit is
then:

1 1
L(olci,0) = —— - exp( - —AE'TC_lAB') : l—[ Gauss(6;) (7.2)

V@2m)|Cl 2 j

where C is the n X n covariance matrix between bins, Gauss(6,) is the Gaussian
constraint of the j-th nuisance parameter, and Ac- is given by:

AGF = a_data _ a_pred (73)

and is the difference between unfolded differential cross section 6-“/¢ and the
predicted differential cross section 6-7"¢?, both expressed as vectors of length
where each component represents the bin content of the distribution.

7.3 Profile likelihood test and confidence intervals

While the likelihood function can be used to find a minimum that produces the
best fit between prediction and data, a profile likelihood test (PLT) is used to
estimate confidence intervals of that result. This test is constructed as the following
equation:

L(cles, 0)

Alc;) =-2lo —
() “L(1én0)

(7.4)
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where @ is the best fit-value of the nuisance parameters for a fixed value of
¢;, while § and & are the unconditional maximum likelihood estimates of the
nuisance parameters and c; respectively. This PLT is used to scan over a range of
values of c¢;, which results in a likelihood curve. This likelihood curve follows
a )(2 distribution with one degree of freedom, which at 95% confidence has a
critical value of 3.84, meaning that the values of ¢; at which the curve crosses this
value of A(c;) will be the 95% C.I.
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8 Results

The results are obtained by comparing expected and unfolded distributions of 4
variables:

* | cosfy|: the absolute value of the cosine of the production angle (8y) of
the bosons relative to the beam line, in the WZ rest frame.

* cos . the cosine of the angle of the negatively-charged lepton that resulted
from the decay of the Z boson, with respect to the Z boson’s direction, in
the rest frame of the Z boson.

* qw - costy,: the charge of the lepton that resulted from the decay of the W
boson, multiplied by the cosine of its angle with respect to the W boson’s
direction, in the rest frame of the W boson.

. m;v Z. the transverse mass-like of the WZ system, defined as:

<\ 2 S .2
m;VZ:\/(Zp§+E;“SS) +(Zﬁ§+E¥“SS)
¢ ¢

W

WZ rest frame /6, . \ ;
/ rest frame

Z

L

Figure 8.1: Diagram showing the angle 6y in the WZ rest frame on the left, and 6, in the
rest frame of the vector boson V on the right.
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The three angular variables are defined to be completely uncorrelated with
each other (with the exception of their dependence on the total cross section, which
can be removed by normalizing the distributions). These distributions, along
with the m;v Z distribution have been unfolded to particle level, to be compared to
the expected decomposition SMEFT samples. The comparison uses the profile
likelihood test from Section 7.3, and is repeated for the 12 parameters, and the 4
variables, giving a total of 48 tests. Some examples are given in Figure 8.2.
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Figure 8.2: Profile likelihood tests for various example parameters, with their corresponding
best fits and 95% CL predictions. The full set of PLT can be found in Appendix A.

The first 3 variables make use of the entire dataset, as the e ft —fun framework
makes use of the distributions from the HEPDATA from the ATLAS full Run-2
polarization paper [36, 37]. The fourth variable, m?’ Z only makes use of a partial
Run-2 dataset of 36.1 fb™! [51, 52].
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As mentioned at the end of Chapter 4, some fits that are correlated to the total
cross section will have 2 minima: one centered around 0, and one centered around
the value where the interference term cancels out with the quadratic term. For
illustration purposes, the HEPDATA distributions used in the PLT are compared
to the 95% CL distributions, shown in Figure 8.3. The results of the 48 PLT are
summarized in Figure 8.4.
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Figure 8.3: HEPDATA distributions of the ATLAS Run-2 data published in [37, 52]
compared to the 95% CL predictions for various example parameters. The full set of plots
can be found in Appendix B.
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Figure 8.4: Summary plot of the best fits and 95% CL for the 12 SMEFT parameters,
based on the PLT of the 4 variables.

It can be seen that the results are compatible with SM predictions. The limits

fOé)C ;11 211 and ngzz are almost 1dentical, and the same can be seen for C 1(5’211 and
C

102+ This can be explained by the fact that these operators aftect production of
pairs of leptons, and measure violations in lepton flavor universality. However, the
HEPDATA dataset used assumes lepton flavor universality and doesn’t separate
the events based on the decay products, so the limits obtained are not independent.
In most cases, the predictions based on angular distributions (| cos 0y, cos 0,
and gy - cos 67,,) provide more stringent limits than the prediction based on the
kinematic variable mTW Z_ This is explained by the difference in the dataset used,
since the mYW Z fits use the distributions from [51, 52], which are unfolded to
particle level but use only a partial Run-2 dataset, about a fourth of the total
used for the other distributions. Given how the angular distributions have little
dependence on the energy of the process when compared to kinematic variables
such as m?’ Z or the W and Z pr, this approach would be advantageous in studies
where the center-of-mass energy is the same but the integrated luminosity is
increased, as is expected to be the case from the High-Luminosity-LHC. Even in
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studies where the energy of the process is increased, angular distributions can
be useful in multi-dimensional analyses, where two or more SMEFT parameters
are allowed to vary at the same time. This is because while the distributions of
the kinematic variables of SMEFT samples scale in similar ways, with increases
in the high-pT tails, the angular distributions of different SMEFT samples will
have different shapes (see Figure 4.2), allowing one to disentangle the SMEFT
contributions from different SMEFT parameters.
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9 Conclusions

With the discovery of the Higgs boson in 2012 at the LHC, the main lead that
particle physicists had been following was reached, and since then, the focus has
shifted to the search for new physics beyond the Standard Model, in what some
call the precision era. This is being done through direct searches for new particles,
as well as indirect searches, that look for any difference between the data and the
SM predictions which could hint at new physics, akin to "stress-testing" the SM.
The advantage of indirect searches is that they do not rely on specific assumptions
about the nature of the new physics, which broadens the search. SMEFT is one
such approach, where even small differences are parametrized and put to test
in various experiments. This study focused on the electroweak parameters of
SMEFT that affect the WWZ triple gauge coupling, using data from the ATLAS
experiment.

The Standard Model has been very successful in explaining a multitude of
phenomena in particle physics, but it unfortunately falls short of being a theory of
everything, failing to explain one of the main forces of the universe, as well as
various other phenomena. This is outlined in Chapter 2, where the Standard Model
Effective Field Theory, or SMEFT is also introduced. This model, more than
attempting to explain the unanswered questions of the SM, tries to expand the SM
in a very general way, assuming that the high energy theory that explains everything
is still out of our experimental reach, while still trying to measure the effects this
theory could have at low energies. For this purpose, the ATLAS detector at the
Large Hadron Collider, outlined in Chapter 3, was used to obtain data. This data
was collected from 2015 to 2018 at /s = 13 TeV, with an integrated luminosity of
139 fb~!. Three of the four variables used in the analysis were unfolded in another
study using the entire dataset, while the remaining variable was unfolded in a
different study, which used only a partial dataset. The Monte-Carlo samples used in
the analysis consisted of various background samples (multiboson, top production,
and gauge boson with jets of photons), while signal samples consisted of an NLO
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SM sample with NNLO corrections, and one SMEFT interference sample and
one SMEFT quadratic sample for each parameter in the analysis. These samples
made use of the decomposition method, where the contributions of terms of
different order in the new physics parameter are simulated independently, and can
be rescaled and added together to obtain valid new samples. This decomposition
method had to be tested, validated, and was compared to other methods such as
reweighting, before being chosen as the method of this study. The data, the MC
samples, and the decomposition method are explored in Chapter 4. Chapter 5
describes the four possible final states of the events of interest, as well as the
various objects used in the analysis and how both the events and the objects are
selected. Special consideration is given to electrons, muons and E;?””, since
all final events are expected to contain 3 leptons and a neutrino. Triggers, jets,
overlap removal, and phase space cuts are also explained. The object and event
selections used for the unfolded samples was compared to detector-simulated
samples that were analyzed with an Athena-based framework, as the analysis
originally was meant to use reconstructed samples, before switching to unfolded
distributions. Chapter 6 then provides an overview of the systematic uncertainties
that affect this analysis. These include luminosity, electron, muon, jet, E;’i”,
pileup and unfolding uncertainties as sources of experimental uncertainties, as
well as scale, PDF and «, uncertainties as sources of theoretical uncertainties.
The details about the statistical methods used in the analysis are described in
Chapter 7. The statistical model is based on binned distributions describing the
expected differential cross section. A likelihood function is constructed based
on this statistical model, which is used to minimize the difference between the
measured data and the predictions, giving a best fit for the value of each of the
parameters of this study, as well as 95% confidence intervals.

This analysis measured limits on a large set of EFT coeflicients. The limits
obtained here are in line with previous results from ATLAS and other experiments,
with 3 of the parameter limits being set quite tight: Cp,3, Cw and Cy;. Whereas
past studies have focused on event counts at higher pr, this study has focused on
angular distributions. These provide new ways to observe deviations from the SM,
and could indicate differences in symmetry group, spin, parity or polarization.

After Run 3, the LHC and its detectors will undergo several upgrades to reach
an increase of 10 times of the current integrated luminosity. The average number
of pileup interactions per bunch crossing is expected to increase up to 200, and
to be able to keep optimal functions, ATLAS is scheduled to receive upgrades to
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various detector subsystems, and these upgrades, alongside the enormous increase
in collected data, are expected to improve even more the limits that can be obtained
in this study and others similar to it. By increasing the number of events, it
allows the usage of finer binning and also reduced statistical uncertainty. These
improvements are necessary for the exploration of new frontiers for physicists,
pushing the precision of the Standard Model to its limits, to find what has remained
hidden thus far.
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C New Small Wheel commissioning

For two years (2020-2021) I worked on the New Small Wheel upgrade to the
ATLAS experiment. This Appendix will detail what this upgrade is, its goals, and
what work I did.

From 2026 to about 2029, the LHC is planned to have its third Long Shutdown,
during which the systems will be upgraded to deliver a much higher luminosity
by the time it restarts in 2030, an increase by a factor of 10, in what is called
the High Luminosity-LHC (HL-LHC). This increase in luminosity demands that
various systems in the detectors of the LHC ring be upgraded to be able to cope
with it. Among these is the innermost muon detector in the endcap sections of
ATLAS, the "Small Wheels", made out of CSC, MDT and TGC technologies, as
detailed in section 3.3.4. These detectors has been replaced with the New Small
Wheels, which use small-strip Thin Gap Chambers (sTGCs) for their fast response
detection, and Micromegas (MM) for its precision tracking.

The NSW improves over the SW in various aspects, including a better spatial
and time resolution, increased radiation protection for longer longevity, and most
importantly, a greater precision muon triggering, leading to a drastic reduction
of the trigger fake rates. Figure C.1 shows a comparison of the 7 distributions
of the level-1 muon triggers before and after the integration of the NSW, which
highlights the fake triggers that were generated in the endcap region. The rate
of fake triggers was expected to increase substantially in the higher background
environment of the HL-LHC if the SW had not been replaced.

My MSc included work in the construction of the QS1 sTGC modules in Chile
(name convention explained below), so as a continuation of that, during my stay at
CERN, I helped in the commissioning and integration of the STGCs of the fully
built sectors into the wheels. A fully built sector consists of two MM wedges
"sandwiched" between two sTGC wedges, as shown in Figure C.2.

101



C 1400_II T | LI | T T1TT ! | I- LI | LI | LI | LI LI LI T II_
° - ATLAS Preliminar -
Z ~ Data 2023 and 2024, 13.6 TeV 7
© 1200~ L1_MU14FCH -
“—6c ™ RPC ><—<Gc "

1000— EIL4 ElL4 ]

- NSW Tile Tile NSW 7

800:_ Dw/o Tile/NSW coinc. in 2023 _:
600 w/ Tile/NSW coinc. in 2023 " -

E W/ Tile/NSW coinc. in 2024 E

200k s

Figure C.1: y distribution of level-1 muon triggers before and after integrating coincidences
between Big Wheel TGC and inner muon detectors (NSW and tiles). In 2023 70% of
NSW trigger sectors had been integrated, while in 2024 full integration was achieved.
[53].

There are two classes of sSTGC wedges, the "small" (S) and "large" (L) wedges.
Depending on their position in the sandwich, they also get the names "confirm" (C)
for the wedges facing out, and "pivot" (P) for the wedges in between the confirm
wedges. This means that for small sectors the confirm wedges face the wall of the
cavern and the pivot wedges face the ATLAS interaction point, while for large
sectors it’s the opposite. Each wedge was assembled from 3 sections, numbered
from 1 to 3 moving outward radially from the beam line. These sections are all
quadruplets (Q), or quads, of sSTGC layers, meaning a muon that intersects every
layer would go through 8 sTGC layers: 4 on the pivot wedge, and 4 on the confirm
wedge. So, for example, Chile was in charge of building the QS1P and QS1C
quadruplets: the Quadruplets in the Small wedges, the innermost (1) of the three,
and for both Pivot and Confirm wedges.

Internally, each sTGC layer consists of a plane of wires sandwiched between
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Figure C.2: Schematic diagram showing the structure of a NSW sector [54].

two cathode planes, where one of the cathodes is subdivided into large rectangular
pads, and the other into thin strips, which give the sTGC its name (small-strip Thin
Gap Chambers). The signals that are produced by the pads and strips on each layer
on each quad get collected by their corresponding on-sector Front End Boards
(FEBs). There is one FEB per layer per quad for the pads (pad-FEBs, or pFEBs),
and same for the strips (strip-FEBs, or sFEBs), for a total of 24 pFEBs and 24
sFEBs per sector. The FEBs on each sector are controlled by another on-sector
electronic board, the L1DDC, located on the outermost quadruplet (QS3 on small
sectors and QL3 on large sectors). These L1DDCs are connected to all the FEBs
of a single layer, one L1DDC per FEB type, so one L1DDC for all the pFEBs of
a layer, and one L1DDC for all the sFEBs of a layer, for a total of 16 L1DDCs
per sector. Another set of electronics are located on the back of the wheel itself,
off-sector, in the so-called "Rim crate". This set of electronics handles the trigger
response of the sTGCs, they are:

» Pad Trigger Board, which receives the signals from the pad FEBs, and then
sends back the signal to the strip FEBs for them to be read out

» 8 Routers receive the signal back from the strip FEBs (one for each sector
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layer)

e Rim-L1DDC controls the other boards in the rim crate and connects to the
muon readout system.

One of these rim crate exists for each of the 16 sectors of a single wheel, so for
both wheels A and C a total of 32 rim crates had to be populated and connected.
Finally, a small fiber box (FSB) located on top of the rim crate received fiber
connections from the 16 L1DDCs, and from the 10 boards on the rim crate, and
routes them to a large fiber box (FLB) located on the upper side of the wheel.

Figure C.3: Rim crate with everything connected and with proper cable management. On
top the small fiber box can also be seen.

After a sector was mounted on the wheel, all the services of its STGCs had to
be connected, which included:

» Water for the cooling of the electronics
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Gas that would circulate inside the chambers to enable muon detection.
High voltage connection for the wires inside the chambers

Rim crate had to be populated with its electronics, with thermal paste
connections to ensure proper cooling during use

Low voltage connections to power the electronics in the wedges as well as
the rim crate electronics

Coaxial cables from wedge FEBs to the rim crate electronics

Fiber cables from FEBs to rim crate fiber boxes

Of these tasks, the water and gas connections were done by the technicians at
building 191 (b191), while the rest were performed by me and the rest of my team.
The cables had to not only be connected, but the proper cable routing from the
wheel to the rim crate, as well as rim crate cable management had to be applied
to ensure that the wheels respected the envelope restrictions within ATLAS, as
seen in Figure C.3. After all the connections were finished, the sectors had to be
tested to ensure that all the connections were made correctly, and in case there
were issues, the cables had to be checked and replaced if necessary. These tests
were also performed by me and my team, and included:

Pulser tests, where internally produced pulses were sent to all pad, strip and

wire channels on the boards to align the phases of the VMM chips on the

FEBs.

Baseline tests, where the baseline levels of the channels were measured to
ensure that they are within tolerance, to identify dead channels, and to make
a general check on the connections.

Thresholds and trimmers, where the channels are calibrated to ensure they
all have the same sensitivity.

Noise tests, where after the channels have been calibrated, a pulser test is
repeated, only this time the internal pulse generation is disabled.

I worked on the commissioning of both wheels A and C. After wheel A was
completed (see Figure C.4), most of my team moved to work on the integration
of wheel A into ATLAS, while I stayed behind to commission wheel C and help
train the new people that had joined to work on commissioning. After wheel C
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was completed, I rejoined the integration team in the underground detector cavern,
where I worked for a couple of months inside the detector, making sure that all the
connections had survived the move from b191 to the ATLAS cavern, repeating
tests, replacing broken cables, reconnecting loose boards, and more.

Figure C.4: ATLAS team after the installation of the last sector of wheel A [55].
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